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Section |. INTERFERENCE IN COMPONENTS
3-i. General

There are four basic approaches to the reduction of interference gen-
erated by such electronic circuit components as tubes (thyratrons, micro-
wave, vhf, and uhf) and semiconductors (thermistors, transistors, diodes).

These are:
1) Desion of components to minimize interference generation

2) Shielding and filtering of the entire unit containing these com-

ponents
3) Shielding and filtering of thc components causing interference

L) Selection of circuit designs and components which create a min-

inum of interference

Since it is not possible to prevent the ganeration of some undesired
signals, such as harmonics, and since the desired signals must be con-
fined, then the components or the entire unit must be shielded to prevent
radiated interference, and the leads must be filtered to prevent con-
ducted interference. The standard, and generally most practica! and
economical method of shielding, is to shield the components causing the

interference rather than the entire unit.
3-2. Thyratrons

8. A primary source of interference is a pulse-type plate modulator
using an extremely high-voltage pulse to control the transmitter rf
oscillator circuits -- especially in high-power radar equipment utiliz-
ing thyratrons for the generation of the pulse. Figure 3-1 presents a
typical thyratron plate current and voltage waveform. Because these
pulses constitute rapid change of voltage and current, they are ex-
tremely rich in harmonic content. A broad band of pulse-type inter-
ference can be produced by this waveform and could cover the frequency
spectrum to 1000 mc even though considerably less spectrum is required.
To minimize both the radiated and conducted interference, the thyratron

should be provided with maximum isolation, (including efficient shield-
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ing), and circuitry that generates only the spectrum that can be
utilized.

b. Thyratron tubes should be shielded and mounted on an rf isolated
chassis: that is, with al| leads filtersd or bypassed with capacitors.
Internal interference reduction c/rcuits, such as resistance-capacitance
and inductance-capacitance filters, should be installed as close to the
thyratrons as possible to reduce lead length. The shield surrounding
the thyratron circuit should be designed in accordance with Chapter 2,
Section 4 to ensure compieta rf isolation. Any lead entering the shield-
ed compartment should be filtered at the point of entry. This includes

such leads as:
!) Relay and contro) leads
2) Metering leads
3) Filament transf.rrer primary leads
L) High-voltage transformer primary leads or high-voltage power leads
5) Thyratron grid input control leads

Leads are filtered most effectively by bulkhead filters that have atten-
uation characteristics capable of reducing the interference to low levels.
The proper method of installation of these bulkhead filters is illustrated
on figure 3-2.

. The high-voltage power supply for thyratrons is also a source of
interference. |f the power supply is mounted within the thyratron shield-
ed enclosure, then bulkhead filters should be instailed on the high-
voltage transformer primary leads; a better design, is to locate the
power supply outside of the thyratron shielded area. A bulkhead-mounted
filter can be designed and installed in the high-voltage line to the
thyratrons for the dual purpose of smoothing the ripple frequency and
attenuating the interference attempting to leave the erclosure by
this path. Mounting the high-voltage transformer external to the
thyratron-shielded anclosure also reduces the possibillty of magnetic
coupiing. The transformer should be located as far from the thyratrons

3-4
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as possible, and physically oriented to minimize magnetic coupling.
The trigger voltage lead to the tnyratrons should be qiven special
consideration. This lead will conduct interference from the thyratron
shielded enclosure, especially the high-voltage spike created by
firing the thyratron. During establishment of a plasma in the grid-
anode region when the tube starts to fire, the grid potential is
raised to a very high voltage for a fraction of a usec. This action
results in a spike on the grid lead (figure 3-3). The interference
action of this voltage spike may be eliminated by employing a simple,
low-pass filter, such as that shown on figure 3-4. Proper design of
such a filter will pass the grid voltage into the thyratron and pre-
vent the spike from getting back into the generator. A typical de-

sign is computad as follows:

R |
L=Fandc-m (3-1)
c c

where: R = nominal terminating resistance (ohms)

fc = cutoff frequeicy (mc)
L = inductance (uh)
C = capacitance (uf)

For example, if R = 50.0 ohms and fc = 2.37 mc, then L = 6.72 puh and
C = 2688 puf. The low-pass filtor should be installed in a standard
bulkhead-type filter-can so that the input can be isolated from the
output. A standard coaxial-type fitting can be used for the input
terminal. The trigger pulse cable should be of the coaxial type. A
hash filter, consisting of a choke in the plate and cathode circuits
of the thyratrons, will give some reduction of interference. The use
of chokes must be carefully considered because the tube life of some
thyratrons is greatly shortened by the use of chokes. Even though
chokes are used, interference remaining in these circuits may still
be of high enough intensity to radiate from the leads; this radiation

will therefore necessitate the use of shielded leads.
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d. A shield should be conttructed around the tube to prevent
radiation through the glass envelope. The filament leads should be
filtered at the point of entry to this shield. All leads, not having
any active function in the operation of the thyratron, should be routed
clear of these filament leads. If a thyratron lead does run in close
proximity to leads of other equipment, it will be necessary to shield

the thyratron lead that might be carrying interference.

e. A difficult interference proklem arises when, for example, it is nec-
essary to run the dc output of a thyratron to a load such as the servo
motor in an antenna pedestal. A satisfactory method is to locate the
thyratron(s) directly in the antenna pedestal. This method permits
the dc output to be fed to the motor in a short run of conduit. The
signal voltage for the thyratrons is then brought to the antenna pedestal
via coaxial cables. The disadvantage o this design method, especialiy

in a remote installation, is the inaccessability for maintenance.
3-3. VHF and UHF Vacuum Tubes

Conductors contain a large number of so-called free electrons and
ions. The ions and electrons, acting similarly to an ideal gas, vi-
brate randomly about their average positions; these vibrations are a
function of temperature. Collisions between the free electrons and
the ions continuously take place, and there is a continuous iransfer
of energy between them. Even with no signal source applied, there are
always electrons in motion, giving rise to thermal noise, a randomly
fluctuating current flow. Shot noise also exists in vhf and uhf vacuum
tubes. Shot noise is most commonly described as noise due to the ran-
dom emission of electrons from a heated surface.

a. Inherent Tube Noise. Vacuum tubes act as noise sources be-

cause of the inherent electronic nature of their operation. Vacuum-
tube noise effects include those characterized as shot effects and
those resulting from such causes as tube ionization. An understanding
of the mathematics of noise voltages in tubes is essential for an

understanding of the possible means of reducing these noise sources.

3-8




Electrons, as discrete particles, are emitted from the cathode in a
randem manner; any current resulting from such emission has a random

or statistica: variation (shot effect). The noise for a g'ven current
is maximum when the plate i5 absorbing all the electrons that are lib-
erated by the cathode; that is, when the emission is temperature-limited.
If the plete does not accept all the electrons emitted by the cathode,
as happens when the voltage across the tube is low enough so that not
all of the electrons receive encugh energy tc reach the plate, there

is a noise reduction. This noise reduction is due to electrons re-
maining in the vicinity of the cathode and forming a space-charge cloud,
or virtual cathode, which serves to limit the number of electrons reach-
ing the plate, This aree is known as the space-charge-limited re-

gion. |If the emitting material is irregular in its nature, then

there will alsc be large low=frequency variations in its emissions,
known as the flicker effect. Noise will alsc arise from variations

in the secondary emission, from ionization within the tube, and from

a random variation of the division of current between elements in
multielectrode tubes. Of all these effacts, the largest and most

i mportant source of noise is the shot effect.
b. Shot Noise.

(1) Shot effect in temperature-limited diodes. The formula for the

mean-squared noise current fluctuations is:

i: = 2el8B (3-2)

where e is the charge of a single electron, | is the average
value of the plate current, and B is the bandwidth. This
equation is valid only for low frequencies (below approx-
imately 50 mc); the higher frequency noise phencmena in-
volves transit-time effects that lead to increased compli-

cations. The mean-squared noise current is proportional to
the plate current and the frequency ba'dwidth, &nd the rms

noise current is proportional to their square root.
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(2)

(3)

As an example, if | is 1.0 ma and B is 5 k¢, then:

iﬁ =2 (1.6 x 107'9) x 1073 x (5 x 103) = 1.6 x 1078

The rms current generated is thus 1.26 x IO-9 amps rms.

1f this current flows through a 5-kilohm resistor, the rms
noise voltage is 6.3 uv rms. |If the bandwidth is quad-
rupled to 20 kc, the rms noise voltage doubles to 12.6 pv
rms. Equation 3-2 has been checked experimentally many
times and has even been used for precise measurements of

the electron charge e.

Shot effect in space-charge-limited diodes. |t has been
found, both experimentally and theoretically, that the ran-
dom emission of electrons is smoothed out by the presence
of space charge near the cathode. This is stated mathe-
matically as:

i2 = 2e18 (3-3)

where all the terms are the same as in the temperature -
limi ted divde, and l“z is a dimensionless space-charge re-
duction factor, related in complicated fashion to both the
cathode temperature and the applied voltage, and varying
between 0.01 and 1.0. This factor can be replaced in the

equation by introducing the diode dynamic plate conduc-
tan-e (gd) and the cathode temperature in degrees Kelvin
(Tc) s0 that:

2
iy = kg, (0.64h T ) 8B (3-4)

where k is the Boltzmann constant.

Shot effect in neqative-qrid triodes. The negative-grid

triode in the space-charge-limited region exhibits random

fluctuations in its plate current. The triode mean-squared
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plate fluctuation current is:

i? -k (0.644 T )8 xh (3-5)
N ) c o

where 9, is the triode transccnductance, and 0 is a con-
stant which varies from triode to triode, normally having
values between 0.5 and 1.0. As with the diode, B is the
effective noise bandwidth determined by the over-ail sys-

tem in which the tube is connected.

c. Thermal Noise. A metallic resistor can be considered the

source of spontaneous fluctuation woltages with mean-squared value:

gt

2
Vth = LKTRB (3-6)
where T is the temperature in degrees Kelvin of the resistor, and R
its resistance in ohms. The noise generated in the resistor is assumed
to contain almost all frequencies and be constant up to extremely high

13

frequencies of the order of 10 ° c¢ps, where quantum-mechanical effects

set in.

d. Shot Noise and Thermal Noise Combined {Noise Calculations for

Diode Circuits). Consider the case of a space-charge-iimited diode

with resistive load as shown on figure 3-5. The equivalent circuit

appropriate for noise calculations is also given on figure 3-5; lih is

the shot-noise term:

a§h = bk (0.644 T ) g 8 (3-7)

The current version of equation 3-6 is obtained by replacing R (in this

case RL) with its conductance (GL); ith is the thermal noise term:

.2
Tep = Lk TGLB (3-8)




Independent noise sou-ces add in a mean-squared sense just as Is

done in signal-power calculations. It is incorrect to add rms noise

vol tages.
A
V2 - V%h . Vih _ _'th sh2
(g4 + 6 (3-9)
- —2KB___ (o.euk T g, +T6)
2 ¢ °d L
(94 + 6))

[t is important to stress that it is not simply a case of calculating
a mean-squared thermal-noise voltage due solely to RL' and adding to
it a squared voltage term due to the diode. Each device loads down
the other, and this n'st be considered. The load impedance seen by
each current source is the parallel combination of the diode plate
resistance and load resistance. Examining the last term in equation

3-9 with typical values:

gy =2 x 107 mho 6 = 10°% mho
T, = 1000 %K T =293 °K
0.644 T g, = 1.3 T6, = 0.029

The shot noise overpowers the thermal roise in this case because of
the much smaller diode resistance (500 ohms) loading down the load
resistance (10 kilohms). Because 94.7>6 equation 3-9 becomes:

vZ = Lk (0.6hb T) r 8 (3-10)

12 2

with B = § ke, v2 = 0.09 x 10° volt®, and the rms voltage is 0.3

MV rms.
e. Triodes.

(1) Equivalent noise-producing resistance. The equivalent

noise-produc’ng resistance of a space-charge-limited triode

results from referring the triode shot noise back to the
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grid circuit;

R == ~-10
eq g To gm 3 )

where: Req = that resistance which, if inserted in the
grid circuit of the given tube, would pro-
duce as much noise energy as does the tube

itself

6 = spproximately 0.64l4, the ratio or the noise energy of
the tube to the noiseenergy of a resistance (ecual to

dynamic tube resistance at cathode temperature)

o = approximately 0.88, the ratio of the trans-
conductance of the triode to the conductance
of an equivalent diode (that is, the diode
having a cathode-plate spacing equal to the
cathode-ygrid spacing of the triode and having
a potential of (Eg + Ep/u) on the plate)

T = cathode temperature in °K
T = room temperature, °K
g_ = transconductance of the triode, mhos

In a typical triode for which T = 1000 °K and T, = 293 °K,
the use of the approximate values of 5 and o indicated, yields:

Req g ohms (3-11)

Equation 3-11 is the expression for equivalent noise re-
sistance commonly used for a triode amplifier. For a triode

mixer, the equation becomes:

Re - iL ohms
q <
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Figure 3-6. <Triode Noise Calculations
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9
where: A = __m____' the mid-band amplification of the
m gp + GL
circuit. Since the grid noise voltage appears multiplied
by the circuit amplification, the thermal-noise term due

to the plate loud resistor is normally negligible; that

is: U4kT GL8<<9: o R, must however be included in the

calculations &s a resistance in parallel with o (the
tube plate resistance).

{f, for example,

R, = 1000 ohms g, = 2 x 1072 mho
R = 108 ohms r =15 x 103 ohms
R, = 1000 ohms €, = 30 uf
L o= 30 B = 20 ke
T =20 °C R = 75 x 103 ohms

«2:5 _ 1250
R‘q %, 1250 ohms

The rms grid noise voltage is:

e: = 4KT (1000 + 1250)8

= (1.62 x 1029 x 2250 x (20 x 103)
-0.73 x 10”2

:; = 0.85 uv rms

The mean-squared thermal-noise current generated by RL is:

20
Tth

N

- ukTsLa = 0.43 x 10°

But g2 eh = (& x 10°%) (0.73 x 107'%) = 2.9 x 107" %512

The noise from the load resistor may thus be neglected in
comparison with the amplified grid noise. The rms output
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noise voltage is found as:

2 2 2
‘JN = Am eN (3“’*)
VN = Am ;; = 25 x 0.85 puv = 21 pv rms

In a receiver, noise voltages are amplified just as any
other voltace; therefore, the primary source of noise in
a cascaded series of amplifier stages is usually the first

stige. The noise introduced in succeeding stages

tn

ncgligible compared with the amplified noise of the first
stage, therefore, noise reduction efforts should be

directed toward the first stage.

f. Multielement Tubes. The noise energy in pentode, beam, an<

screen-grid tubes is higher than In triodes with similar character-
istics because there is an added component of noise from the rando-:
division of current between the screen and 2node. The approximate
value of resistance, Req’ which, if inserted in the grid circuit o/
a pentode or similar tube, would produce as much noise energy as
does the tube Itself, is:

20

b 2.5 , 2 'z

9 2
c2 m 9,

(ohms) (3-15;

where: |~ = average plate current, (amps)
|, = average screen-grid current, (amps)

3, = transconductance of the pentode, (mt :)

The noise energy from a pentode will be about three to seven times as
g-eat as that from a triode producing an equivalent amplificatiun.

This is not at all untypical of the increased noisiness of pen:odq
operation. There are other sources of noise in tubes, such as ccllision
ionization, secondary emission, emission of positive ions, f]icker effect
frc . oxide-coated cathodes, ;icrophonics and hum. These sources (with

the possible exception of microphonics) produce noise that is {ow com-

pared to that from the shot effect.
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9. Determination of Noise Fiqure for Vacuum Tubes. The "noisinc:s?

of a particular system or part thereof can be measured by comparing
the signal-to-noise ratio (S/N) at out»aut and input. This measure
of the noisiness of a system is called the noise figure, F, of the

system and is defined as:

S S,
.
F N,

o%lo

where S‘JHO is the signal-to-noise ratio at the output)and S;/Ni tie

signal-to-noise ratio at the input.

Of special interest is the amplifier problem of paragraph (e).
The plate load resistor contributed negligible noise to the output:
the primary source of netwerk noise in this example, then, is the
(-be itself. The tube shot noise can be calculated from the equiv -
lent grid noise resistor Req' Since the total noise appears in th:
grid circuit, the signal voltage for both Input and output S/N is
the same, and F is simply the ratio of total nolise power to input

nolise power, or:

Fu +;53 (3-16.
]

Electron flow acts against controlling grid voltage. The damp-
ing effect introduces a noise voltage cn the grid because of the
randomnes: of the electron flow. The magnitude of this effect varics

dirsctly with the square of the frequency, and is usualiy described

In terms of a quantity called the transit time conductance, G _, wh: -

must be multiplied by a temperature factor, W, when used in tﬁe no' "=
equations. The value of W has been given as 5 for oxide cathodes.
The equivalent noise conductance, Gn’ is identified as being equal

to HGT. A second source of noise is the equivalent noise resistan
referred tc the grid, Req’ as was discussed previous!y. Knowing
these two noise paramerers, the lowest possible noise figure for

every frequency can be calculated, as can the source impedance at
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which this occurs. The formulas used to calculate the optimum source
impedance (Rs opt) in ohms and minimum noise figure (Fl min) in db

are:

- (=17
n

f
Fl min ™ 1+ 2;; Wlkeq Gn (3-18)

The value of fo is the frequency (mc) at which Gn has been determined;

fo
Rs opt = F

and f is the frequency (mc) at which the values of Rs opt and Fl nin
are to be determined. Figure 3-7 shows the predicted noise figure
and the optimum source impedance of a number of uhf tube-types, as
determined on small samples of commercially available tubes. Values
of Req and Gn for a number of tube-types are shown in tablec 3-1

and 3-2.

h. TJechniques for Reducing Interference Sources. Wher treating

a tube as a source of interference, several interference reduction =
suppression and design techniques are available, as shown on figure
3-8. The techniques are:

') Use tubes with metal envelopes cr completely shield glass

envelopes

2) Use Class A instead of Class € or Class C ampiifiers when-
ever possible

3) Shield the underside of the tubes
4) Fiiter all blas and filament leads
5) Shield all signal circuitry

6) Use minimum power levels

7) Use good modulation techniques

8) Use amplifiers instead of oscillators at high levels
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In addition, 'owering the values of the noise-producing circuit

elements, as highlighted in the preceeding noise voltage equations,

will contribute to the over-all noise reduction.

700
\ OPTIMUM SOURCE
wa IMPEDANCE
QX K )
2 3 \ \ (Rg opt.
& o 300 1
N
-a \
S .7077
PCB6 \<
100 \
70 —+ -
{ 6ANA
N ~~~ 6BC4
5AM4
30
PCB6
2 7))
f 7 //
ot 6ANA /
.
W 6AM4 7077
@ om//
[
= 3 /
! %/ PREDICTED NOISE
; / FIGURE (F{ win.)
. Z ||
10 30 70 100 300 700 1000 3000
FREQUENCY (wWC) IN1212-103

Figure 3-7.

impedance for Several Tubes
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TABLE 3-1.

NOISE PARAMETERS FOR VARIOUS TUBES AT 990 MC

Tube Req Gn Eb Rk Gm |b
Type lohms) [ (umhos) (volts) | (ohms) (umhos) (ma)
6AMY 260 600 200 100 9,800 10.0
6ANL 250 550 200 100 10,000 13.0
68ch 260 540 150 100 10,000 14.5
68c8 600 320 150 220 6,200 10.0
6BK7A 240 520 150 sh 9,500 18.0
6BNi 420 390 150 220 6,930 9.0
68Q7A L35 290 150 200 7,040 9.0
68Ss8 390 330 150 220 7,300 10.0
6BZ7a 490 350 150 220 6,800 10.0
8CESa 650 1200 200 180 5,700 11.0
2CY5 525 840 125 150 6,640 10.0
6201 600 320 250 200 5,300 10.0
7077 350 140 150 82 19,000 6.5
PC88 170 710 175 125 9,800 10.0
PCc8s8 280 540 150 220 15,000 12.0
E180F® 120 1160 150 82 19,000 15.0
TABLE 3-2. NOISE PARAMETERS FOR VARIOUS TUBES AT 90 MC
(lb = |5 MA, RK = 63 OHMS)

Tube Roq Gn Eb Gm
Jype (ohms) {umhos) (wolts) (mhos )
68c8 340 520 135 9,600
68K7 355 580 130 8,700
68Q7A Léo 520 135 8,500
68s8 345 530 220 9,800
6827 420 sLo 120 8,000
6828 385 700 165 10,000
PCC8§ 180 820 100 13,800
ZCYS. N 700 100 9,900
68CS Lss 1500 150 9,500

®pentode or tetrode measured in triode connection
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Figure 3-5. Interference Reduction Designed Tube Installation

i. Dark Noise. The use of superpower tubes in pulsed circults raises
the problem of dark noise: the emission of noise resulting from the
residual plate current when the tube is cut-oft. With plate voltages
on the order of 25 kv, a current of only a few ma can radiate severe
intarference fields capable of desensitizing nearby receivers. This
effect can be eliminated by pulsing the anode current, as is done in
a magnetron. Tubes have recently been developed that maka it possible
to use grid modulation and yet hold the dark noise to = satisfactory low

value.

1. Jube Susceptibility. External signals can be transferred in-

to tube elements directly through the tube envelope or conducted in-
to the wbe by circuit lead<. The degree of malfunction depends upon

the tube characteristics and the relative magnitudes of the desired
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and interference signals. Intermodulation is often a critical problem
in receivers. |ts magnitude is a function of the receiver character-
istics, including the choice of tubes. Proper use of tubes with high
intermodulation rejection characteristics reduces intermodulation diffi-

culties.
3-4. Microwave Tubes

a. General. High-power magnetron and klystron tubes are similar
in that each utilizes a cathode, an electron beam, a microwave inter-
action circuit, and a beam collector. The tubes are different in the
arrangement and shape of these elements and the mode of energy conversion

from dc to rf.

b. Magnetrons. Present-day high-power magnetron oscilltator con-
struction usually consists of a cylindrical structure containing a
circular cathode, an electron beam, and a series of coupled cavities
grouped in a circle around the center cathode. The coupled cavities
form a slow-wave interaction circuit and are ncrmally strapped to-
gether for attainment of better rf performance. These cavities con-
stitute a microwave band-pass filter. (n the magnstron, this filter
has a fixed number of filter sections, or cavities. The filter is
continuous, and thereby made resonant when the input and output ter-
minals are connected together. |z is possible for the tube to oscillate
at @ number of undesired frequencies in adsition to the desired fre-
quency. These undesired oscillations fall irito three separate cats-
gories: harmonic, spurious, and moding.

(1) Harmonic oscillations 'n magnetrons. On figure 3-9, the
cavities in the magnetrons are shown in a pattern view

approximately a quarter-wavelength deep at the operating
frequency. Thus, for the fundamental frequency, the
electric field intensity is a maximum at the tooth sur-
face and zero at the shorted far end. At the second har-
monic frequency, the cavity is a half-wavelength long; at
the tooth surface, the clectric field has a minimum value,
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Figure 3-9. Variation of Electric' Field Intensity as a Function of
Distance from Yop to Bottom of Cavity

as shown. At the third harmonic frequency, the cavity re-
sonator is three-quarters of a wavelength long, and a maxi-
mum electric field for this wave appears at the tooth surface.
Even though the maximum smplitude of these harmonic fields
decreases with harmonic order, the intensity of the fields
at the surface of the teeth is an important factor in de-
termining the level of harmonic energy output. For even
harmonics, the rf electric field is small; for odd har-
menics, it is large. Fortunately, the angular velocity
of the cavity spokes is optimum only for the fundamental
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(2)

(3)

frequency in thea tube, so that the harmonic energy out-
put is only a small fraction of the fundamental frequency
energy output. Though the leve! of harmonic power may be
small compared with the fundamental, present-day multimega-
watt units make this harmonic power a sourc: of consider-

able interference.

Spurious oscillations in magnetrons. If it is assumed that

the resonant cavities in a magnetron are identical, then
(since they are coupled together electromagnetically) the
several cavities can be represented by a single tuned cir-
cuit, as shown on figure 3-10. This single tuned circuit

is coupled to the output load. At frequencies off resonance,
the tuned circuit appears either inductive or capacitive.
Because the coupling iris and transmission-line circuit
appear to the tube as a capacitive susceptance, an im-
properly shaped voltage pulse will shock-excite a spurious
oscillation where the inductive susceptance of the tuned
circuit resonates with the capacitive susceptance of the
transmission line clrcuit. The cavities in practical mag-
netrons are not electrically indentical, and instead of a
single spurious frequency, several spuriou frequencies

are generated when various parts of the tube and output
circult resonate. The energy in these spurious frequencies
can be high and can represent an important source of potential

interference.

Moding oscillations in ~agnetrons. Because a magnetron con-

sists of n-coupled resonaut circuits forming a resonant
system, there are n modes of oscillation for the system.
Normally in a magnetron, the design is such that the low-
est frequency of oscillation occurs in the n-mode (sc-
called because ‘the phase difference between adjacent anode
teeth is n-radians). The frequency separation of modes
in a magnetron depends upon the amount of strapping that
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L

Figure 3-10. Evolution of Equivalent Circuit for Magnetron
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is applied. If jumpers with a large cross-section are used
between the teeth, heavy strapping results; [f jumpers with
a small cross~section are usea, then light strapping occurs.
Figure 3-1] shows a typical magnetron with two straps, S
and T. Strap S connects vanes 2, 4, and all other even-
numbered vanes; strap T connects vanes |, 3, and all other
odd-numbered vanes. The cross-sectional areas of S and T
are egual and determine the amount of strapping. in a
strapped magnetron, the excitation of modes other than the
n-mode would not normally occur if the impedance of the
modulator power supply (not to be confused with the rf
impedance) was well matched to that of the magnetron, so

as to hold the overshoot of the pulse woltage to a low
value. Often, the int2rnal impedance of the modulator

is high enough so that its load line intersects the mag-
netron operating points for different modes of operation.
In such a case, the magnetron may mode. This condition

is illustrated on figure 3-12. |If the strapping rings are
cut in the appropriate places, the tendency of a magnetron
to mode is reduced or eliminated. The effect of cutting
the strapping rings varies. In most cases, the undesired
signal is eliminated; in soms cases only reduced. There

is no rule determining whare to cut the straps; it is a
matter of experience. A summary of the undesired freaquencies
generated by a magnetron is given on figure 3-13. The
spectral density curve for a | usec pulse having an amp-
litude of 10 to 15 kv is extremely rich In harmonics,
covering the frequency spectrum from l4 ke to 1000 mc.

For example, timing in the rader is dependent upon the
technique of energizing the rf oscillator (usually @
magnetron) with a short high-voltage puise. The pulsing
procedure leads to interference generation. The approach
to the reduction of interferencs in the design of con-

ventional modulator circuitry is to reduce the harmonic

3-27



SECTION A-A SECTION 8-8
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Figure 3-11. Strapping in a Magnetron Tube
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Figure 3-12. Magnetron Voltage versus Current (Not to Scale)
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Figure 3-13. Typical Frequency Spectrum of Signals Generated

by a Magnetron Oscillator
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content of the output pulse. Sharp pulse shapes produce
more interference than do more rounded puises. Where it
may be disadvantageous to destroy the puise shape, it can
be modified as a compromise between pcower output efficiency
and reducad interference. Major interference arises as

a resu.. of the meLhod of moduiating the magnetron in
radar equipment. Designs using grid modulation show
appreciable merit in the reguction of interference. This
technique eliminates the need for a high-voltage pulse

and thus reduces the ievel of ‘-~terference. The iow-power
grid-pulsing technique, used ' .th grid~controlled mag-
netrons, produces some interference problems; these prob-
lems can usually be _ontrolled by standard shielding and
filtering techniques. Other advantages resulting from

the use of grid-pulse maqnetron modulation are reduced

size, weight, and cost.

c. Klystrons.

(1) DBescription. A klystron amplifier may be considered as
having an input cavity, intermediate cavities, and an
output cavity all in a row with electron beam coupling.
The input cavity serves to velocity-modulate the electron
beam and to couple rf energy into the beam. The inter-
mediate cavities and the output cavity ebsorb energy from
the space-charge-bunching of the electron beam, and then
remodulate the velocity of the beam. 7he rf energy of
the output cavity is delivered to the output load by @
coupling iris in the cavity. The remaining, weakened
beam then travels nn *y the beam collector for dissipation.

(2) Harmonic generation. The degree of bunching of the
electron beam for the fundamental frequency is a func-
tion of the distance from the input cavity to the col-
lector. The selected position of the output cavity
corresponds to the optimum bunching point for maximum
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transfer of energy to the Jutput cavity and lsad. 't ..
possibie for the input cavity to nascillate ¢t a harmoni-
of its fundamesntal frequency and thus bunch the beam ar

a harmonic frequency. The spacing of the optimum pci .ts
for the harmonic beam burches usually is nonlinear and
nonrepetitive (fig. 3-14). Whan the drive signal strength,
or beam distance from the cavicy, is changed, a change

of the relative magnitude and phase of the second harmonic
results. Points A and B of figure 3-14 indicate a gocd
Jde~i1gn location for the second cavity of the klystron.
Determining a good location for the third cavity, graph-
ically, is difficult because, at the position of the second
cavity, the velocity amplitude cf the fundamental (and
probably of the other harmonics) changes. The change
occurs because the second cavity adds its velocity modu-
lation to that existing on the beam. |t is possible to
choose a location for the output cavity that would reduce
coupling to the second harmonic frequency (and possibly

to the third harmonic) with only a small effect on the
fundamenta! frequency power output. Because the bunch-
ing action in the beam Is inherently nonlinear, it is
strongly dependent on the drive signal; hence optimum
positioning of the output cavity for low harmonic out-

put would be effective only over a narrow range of drive

level.

Susceptibility of klystron oscillators to interference. The

signal-to-noise ratio in radar units can be affected by
several parameters; one of which is the klystron reflector.
The raflector is controlled either manually or by an afc
amplifier, so that the frequency difference between the
signal to bz received and the local oscillator frequency
falls within the bandpass of the if and afc amplifiers.

It is conceivable that an undesired radiated signal from

an external source could be picked up by the reflector's
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high impedance and cause the frequency of thc klystron

to shift to such an extent that the desired heterodyne
signal would temporarily fall outside the bardpass of

the if and afc amplifier. Such an occurence would re-

sult in a loss of amplitude of the desired signal and

a detrimental phase shif: of the rf envelope. In addition,
spurious klystron frequencies, generated by interference,
ca.. mix with availatle ambient noise as well as with un-
desired signals to fall within the passband of the if

amplifier.

The generation of the side bands of loczl oscillators
can be explained in terms of modulation index, B, which
is defined as the frequency change, Af, divided by the

modulating frequency, F:

- 2f
B = <2 .

The Bessel Function, (J), is a direct measure of relative
side band strength. Table 3-3 indicates how side bands
vary for values of B up to 5. For purpose of illustration,

(3-19)

assume 8 cw interference signal of 2 volts amplitude, at
a frequency of 2 mc, measured at the klystron reflector.
If the sensitivity of the klystron reflector is 2 mc per
volt, this will yield a frequency shift, Af, of 4 mc.
Therefore:

L
B = 7" 2 (3-20)

Table 3-3 indicates that for B = 2, the first and second
pair of side bands are greater than the amplitude of the
carrier. The effect of these extraneous side bands mix-
ing with system roise is crmrarable to an effective in-
crease in if bandwidth an. a cacrease in sensitivity.

As shown in the preceding material, the tendency of a
klystron to produce spurious cscillations is somewhat less
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(i)

than that of a magnetron because of the nature of the
coupling between the cavity and output circuit. Figure
3-15 illustrates the output of a klystron transmitter.
Harmonic outputs are present at substantial power levels,
while nonhamonic, spurious outputs are virtually absent.
The harmonic suppression afforded by the output cavity

is sufficient to reduce the total harmonic power to roughly
35 db below the fundamental. The sweep voltage from the
pulse-forming network to the kiystron reflector should be
carried by coaxial cable to reduce the possibility of radiated
interference. The klystron reflector itself is very sus-
ceptible to energy at frequencies that can result in fre-
quency modulation of the klystron and give rise to spurious
radiation. It is recommended that a small value of feed-
through capacitance (0.05 uf) be shunted from the high-im--
pedance reflector input tc ground. Power supply leads
should also be decoupled at tha klystron. A typical in-
stallation is shown on figure 3-16.

Test of klystron amplifiers. Experimental measurements were

made on a four-cavity klystron, type VA 87-B. Figure 3-17
shows a plot of the total second harmonic power output (the
sum of the modal powers that can propagate at the second har-
monic) for this tube when operated at a fixed frequency with
a varying beam voltage level. At each voltage, such items
as the tuning procedures and drive level were the same; and
the magnets were adjusted to focus the beam when an input
signal of 2.5 watts was applied. Figure 3-17 indicates
that, between the 100 kv and 90 kv levels, a change in

the second harmonic level of about 3 db occurs. As the
beam voltage is further reduced, another psak in second
harmonic power output is observed. The normal operating
beam potential for this tube was chosen to be 90 kv, the
value giving the minimum second harmonic output. A second
test on this tube was made by leaving the beam vol tage
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{2

fixed and varying the drive frequency. Again, the tube
was adjusted using the same procedure at each frequency.
A plot of the results for this test is given on figure
3-18. Figure 3-18 shows a pattern similar to figure 3-17
in that the second harmonic power has a minimum value
near the center of the tuning range. The effect of the
output cavity on harmonic power may be illustrated by a

series of tests (fio. 3-19).

Low-power, high-gain test (beam spreading). The tube

was synchronously tunec at 2750 mc and 9C kv beam volt-
age with cavities and beam focusing magnets adjusted

to 0.1 watt drive. Then, the drive was increased to 0.25
watt giving an 0.8 megawatt output. Considerable baam

spreading occured since the magnets were adjusted below

saturation level. The total second harmonic power measu ad

in this test was 3 kw peak; or a bit less than 12 Jb
greater than the minimum value observed at this frequency

with optimum tuning.

{b) _Low-power, high-gain test (no beam spreading). The tube

(c)

was synchronously tuned at 2750 mc and 90 kv beam volt-
age, except that the magnets were adjus .ed at 0.45 watt
drive level, and tha drive level was set at 0.45 watt
for the test. The beam did not spread, and the total
second harmonic measured 470 watts; or about 4 db great-
er than the optimum value.

Overdriven case. The tube was tuned at 2750 mc with 90

kv voltage, but with a 70 watt drive signal overdriving
the tube. The power output at the fundamental was 1.4
megawatts peak. The second harmonic power was 1400 watts.
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Figure 3-19. Summary Chart, Klystron Second Harmonic Investigation

‘d) Half-powsr, case |. The tube was tuned at 2750 mc and

90 kv as In (c), with 70 watts drive. The drive signal
was then lowered unti! the fundemental output power was
0.7 negawatts; or 3 db lower than in (c). This occurred
at 20 watts drive. The second harmonic power totaled
1600 watts; not significantly different from cese (c).
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(e) Half-power, case 2. The tube was tuned again as in {c),

but the drive signal was increased to 240 watts to reach
the second 3-db point on the overdriven side of the
power output curve. In this case, the total second har-

monic power level was 1.0 kw peak.

(f) Low-frequency overdriven case. The tube was tuned to
2700 mc with a beam voltage of 90 kv. At this frequency,

the tube, under normal drive and tuning conditions,

had a peak output at the c<=cond harmonic of 1100 watts.
With normal tuning, but with the drive signal increased
to 70 watts, the fundamental power output was 1.4
megawatts, with a total peak power at the sccond harmonic
of 6 kw.

(g) Field tests. Field tests indicate that harmonic frequencies

are present in rich abundance and at substar*-ial power
levels, but nonharmonic spurious frequencies are usually
absent. This is illustrated on figure 3-15 1 a plot

of the output of a typical klystron transmitter.

d. Traveling-Wave Tube Amplifiers.

(1) Description. The traveling-wave tube, because of its peculiar
power-gain characteristics, can act as limiter to protect

sensitive succeeding stages. As input pcwer to the tube in-
creases beyond the poirt where power output is no longer

8 linear function of the input, the gain begins to decrease.
At very high input power, the tube becomes an attenuator,
with an attenustion value approaching that of its cold in-
sertion loss. Generally, TWT amplifiers are wide-band,
high-gain devices. Gains of approximately 30 to 40 db are
achieved for small signals. Saturotlon'power output of

0 to 50 dbm is obtained in the case of low-noise tubes.
Where wide-band operation is not required, amplification

of 60 to 70 db can be obtained. These high gains necessitate
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(2)

that care be taken so that power lines or other connections

do not introduce even weak interfering signals into the tube.

Spurious frequency generation. The frequency (w) versus

delay-per-unit-length (B) diagram tor a delay line in a
typical traveling-wave tube is plotted on figure 3-20.
Figure 3-21 shows that the traveling-wave tube delay line
characteristic is similar to that of a band-pass filter,

a section of which is depicted on figure 3-22A. Figure
3-23 illustrates an arrangement where a band-pass structure
is considered as part of a traveling-wave tube. An electron
beam (symbolically) and a series of filter sections in
tandem, with a coupling between each filter section, are
shown, The O versus frequency characteristic for a section
of this filter is given on figure 3-22B. A signal at the
cutoff frequency, fc’ produces phase shift between each
filter section (or between each «f the electrodes that

the beam passes) of nit radians, where n = 1, 3, 5.....

The ,umber n refers to the order of the space harmonic.

The operating lines of the traveling-wave tube are shown

on figure 3-24. These lines correspond to different values
of beam voltage applied to the tube. The normal range of
operation of the tube from this piot would be over the nearly
linear range from f‘ to fz; the range from fz to the cutoff
frequency, fc’ is unuseabie because the bsam velocity would
have to be changed at each frequency to ach.eve synchronism
and amplification. The tube will not operate satisfactorily
at frequencies below f' for the same reason. The impedance
that the beam sees is the impedance between points a and

b of figure 3-23. This impedance (2Z) versus frequency (w)
is plotted on figure 3-25, with poles at both cutoff fre-
quencies. In pulsed spplications (including high-power
radar transmitters and scatter communication transmitters),
spurious frequencies may be generated. For example, with

a modulator pulse voltage of relatively slow rise time, as
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(3)

the pulse voltage rises, the line representing the velocity
vector of the beam voitage rotates clockwise and passes
through several points (fig. 3-24). As the line passes
through point P (which corresponds to the backward-wave
space harmonic) oscillations may occur; ihese, however

can be absorbed in the attenuator. When the 1ine reaches
point Q, the circuit impedance is very high, and slight
mismatches in the rf terminal impedances on the input and
output of the tube may cause oscillations to build up and
give rise to a spurious frequency output. One technique
used to reduce this spurious output is to increase the

rise and fall times of the modulator voltage pulse. |f
this is done, overshoot sho.ld be avoided, or a low-frequency
spurious oscillation (such &s at point R) will be excited.
At the low-frequency cut-off region, the delay-line cir-
cuit impedance is again high (fig. 3-25).

Harmonic frequency generation in traveling-wave tubes. It is

important : obtain a relationship among the relative magni-
tudes of the frequency harmonics in traveling-wave tubes. For
& smal! input signal into a TWT, the power level in the second
harmonic is proportional to the square of the input signal;
snd the power level of the third harmonic varies as the cube
of the input signal. For a large input signal, for example,
one near the saturation level:

4 ci13 2
o max (.a) I o ot rt (oo )
s Ry SN r' (n-1) (3-21)
Py max (€ 4L, ® [ )
where: ’n max * the maximum value of the power level in
the nth frequency harmonic
Cn = 3 gain parsmeter for the nth frequency
harmonic
Zn = the beam impedance for the nth frequency
harmonic
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r! = the radius of the helix divided b the

wave-length along the helix

The equation gives the relative power of the frequency har-
monic a2t the saturation gain point, providing the frequency
harmonic lies in a pass-band in the slow-wave output coupling
circuits. The relative magnitude of harmonic energy will

be small if the diameter of the electron beam is held small
in relationship to the diameter of the slow-wave circuit.

If a hol low beam were used, the harmonic energy would be
relatively large compared with a solid beam. Output

characteristics of a TWT amplifier are shown on figure 3-26.

e. Backward-Wave Tubes. Backward-wave tube assemblies require

an electromagneitc field for directing the electron beam. Two approaches
are used for generating this field: one uses a solenoid structure
axially aligned with the tube; the other uses a permanent magnet
structure. Depending upon the power involved, electromagnetic fields
vary in flux density over a wide range. Such fields cannot be com=
pletely contained within their operational area unless a low-reluctance
path is provided for the return of the flux. This can be accomp!ished
by mounting the structure within a magnetically-shielded enclosure.

The shielding material must be of sufficient cross-section to carry

the flux without any possibility of approaching the saturation level.
Backward-wave tubes exhibit sensi.ivity to magnetic fields. The un-
wanted interfering {ields can seriously affect the frequency stability
when the tube is used as an oscillator. The shield prevents entry of
external magnetic fields and contains the internally generated fields.

f. JR-ATR Tubes. Another source of interferance is the TR tube,

a cold-cathode gas tube asscciated with a resonant cavity, that functions
as a switch. In radar units, it short-circuits the receiver input by
ionizing during the transmit time. In most radar units, an ATR tube

is used with a TR tube. BotH’TR snd ATR tubes usually require a

high keep-alive voltage to proviade partial ionization between trans-

mit pulses. The lead supplying this voltage should be shielded and
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filtered at the tube. The capacity of the shielded lead will com-

bine with the current-limiting resistor, when the resistor is located

at the tube, to provide decoupling. When shielding is not provided

for the bias lead, pulse interference, at the pulse repetition rate,

may be Iinduced in nearty wiring.

9. Jube Suppression.

(1)

(2)

A useful interference reduction design technique is to

use diodes to switch capacitors across tuned coaxial cavities,
thus detuning the cavities and desensitizing the receiver.
This action removes the need for such devices as relays or

TR tubes. The technique is simple and fast acting; it is

a quick and convenient way to modify a receiver that was

not originally designed with adequate front-end protection.

Figures 3-27 and 3-28 show a uhf receiver's front-end and

its protective circuits. When a gate signal arrives, it
biases diodes D', Dz, and 03 in the forwerd direction, thus
switching capacitors c‘ and Cz across the tuning ends of

the rf preselector cavities, and C3 across the rf output
cavity. This action detunes the receiver input during the
desired period. The diodes are type IN251. They have @
more than adequate switching speed and operate satisfactorily
in the uhf region; they also have, with an applied reverse
bias, a shunt cepacitence of less then 0.8 pf. During normal
receiver operation, the diodes are biased in the reverse
{irection, and the low shunt capacitance permits tracking

of the preselector and the rf stage over the uhf band.

When a high-level signal arrives at the receiver input,

the diodes are biased in the forward direction, de-
sensitizing the receiver.
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In the magnetron, klystron, and TWT, spurious frequency gen-
eration can be min.mized by proper shaping of the leading

and trailing edges of the voltage pulse. In some klystron
tubes, the generation of splatter (undesirad signals adjacent
to the main signal) can be reduced by designing the tubes so
that the control grid voltage pulse crosses the zero bias
level slowly (when compared with the total rise time). This
presumes & beam pulse width longer than the rf pulse width.
Because driving sources used for klystrons and TWT amplifiers
generate not only a desired driving signal but also un-
desired signals, it is important to filter the output lead

to reduce the unwanted signals in the system output. The
total energy output at a given harmonic frequency can be
reduced by the simple addition of a coaxial harmonic filter
in the output of the high-power klystron amplifier.
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(4) By using an uriusually strong magnetic field to focus the
electron beum of a standard travel ing-wave tube, the ter-
minal noise figure has experimentally been lowered to
1.0 db. This state-of-the-art technique has provided the
lowest noise figure ever achieved for a microwave tube.
The 1.6 db figure was obtained by focussing the 1.07
pa beam with a fie'd of 4500 versteds. The tube operated
at 2.6 gc. The nigh magnetic field dampened both shot

and thermal nolse.

(5) One of the methods for reduction of undesired energy in
microwave tubes is the employment of integral filtering
within the vacuum envelope of the tube. The filtesring
can accomplish two objectives &t the same time: it can
minimize unwanted signal generation and reduce the amount
of harmonic erargy incident upon the vacuum winaow, which

increases window |ife.

(6) A series of measurements was made on a QK-338 magnetron
to determine its loaded Q as a function of frequency.
The intent was to replace the existing waveguide trans-
formeg between the tube output iris and the window, with
a filter. To do this, it is necessary that the pass-band
image trensfer function, and the impedances of the filter
and the transforme:r be as nearly alike as practical. A
corruguated waveguids filter was used. This filter is
shown on figure 3-29; its characteristics are plotted on
figure 3-30. Without the filter, the loaded Q (QL) was
132 at the tube resonant frequency of 2789 mc; the VSWR
looking into the tube was 17:1. Upon inserting the filter
and a variable length insert (to change the insertion
phase angie), the QL and VSWR were recorded as the filter
length was changed (fig. 3-31). From table 3-U4 it can
be seen that the filter was nearly the optimum length with-

out the insert.
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Figure 3-30. Characteristics of Waffle-iron Waveguide rilter

3-53




TRANSFONMER BALANCE OF OLD

WAS CUT MERE TRANSFORMER SECTION
Tuse ¢ NEW FILTER
TRANSFORMER SECTION GK-338 WINDOW
{
FILTER INSERT
e 1
2.152"
= 4+0.002" -2.796" VARL ABLE —e»{ TO END OF WINDOW; NOT FLANGE

Figure 3-31. QK-338 Magnetron Modified with Harmoenic Filter
Transformer Section

TABLE 3-4. SUMMARY OF RESULTS ON QK-338 MAGNETRON AND FILTER

| tem under Test Fo ¥8LE VSWR
Tube only, QK-338 2789 mc 132 17
Filter and 1.089-inch insert 2717 mc 20 1.5
Filter and 0.128-inch insert 2766 mc 150 8
Filter and 0.089-inch insert 2772 mc 145 9
Filter and no insert 2794 mc 125 1k

h. Summary. Magnetrcns generate three types of unwented signals:
moding oscillations, spurlous frequency nscillations, and harmonic
oscillations. Moding oscillation is minimized by proper matching of
the magnetron video impedance to that of the modulator, and proper
design of the magnetron strapping. When the spurious oscillations
in a particular tube type are idsntified and their cause is determinad,
they can be reduced to a neg’igible level by proper design of the
magnetron. Klystrons and traveling-wave tubes require careful matching
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of the impedances between the tube and power supply to minimize un-
desired signals. Careful control of the modulation pulse envelope
(the rise time should be fast - much faster than that of a magnetron)
can reduce splatter generation. 1In general, a filter that is an
Integral part of a magnetron can be designed to reduce the harmonic
frequency generation by an additional 30 db below the level without
the filter. This filter could replace the existing transformer

section with only a negligible enlargement of the tube.
3-5. Semiconductor Devices

a. General. Smali size, iow weight and vciume, and elimination
of the temperature rise associated with vacuum tubes are among the
principal reasons for the increased use of diodes, transistors, and

other semiconductor devices.
b. Thermistors.

(1) Positive temperature-coefficient thermistors can be used
for arc interference reduction, and to protect semiconductors
against hign-voltage transients. This ability stems from
the sharp change in resistance of the thermistor within
a relatively small temperature range. |t is limited to
relatively slow-cycling applications because of the time
required for heating and cooling.

(2) The characteristics of a typical positive tsmperature-~co-
efficient thermistor are given on figure 3-32. A simple
application for arc interference reduction in a conventionai
switching circuit !s shown on figure 3-33. |If the thermistor
were not in this circuit, the full 120 volts would appear
across the s~vitch contacts at:-the instant of opening. The
resul tant high-volt.ge gradient could cause arcing. |If
the load were inductive, the voltage across the contacts
would be increased by L (di/dt) so that:

Y=g+ L -f,-{-) (3-22)
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Figure 3-352. Thermistor Characteristics, Positive Temperature
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Figure 3-33. Arc Interference Reduction Using a Thermistor
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(3)

(%)

(5)

where: Vc = the voltage ac.'>ss the contacts
Vs = the source voltage

In the circuit on figure 3-33, the thermistor dissipates
nesligible power when the switch is closed. |If the
ambient temperature is 25°C and the thermistor has
stabilized at this value, its resistance (fig. 3-32)
would be about 50 ohms. |f the switch is then opened

to a purely resistive load, the voltage across its con-

tacts would be:

v
s 120
Vo = IR = (uo v/ | R~ (50 + soo) 50

= 0.218 x 50 = 10.9 volts

(3-23)

where Ro = thermistor resistance, and R, = load resistance,

L
This initial low voltage would prevent arcing or reduce it

to a negligible leavel.

Figure 3-34 shows a circuit in which the switching is done
by driving a transistor from the saturated to cutoff state.
A thermistor is used to reduce voltage transients between
the emitter and collector, and to permit a slow transfer
from the saturation state to the cutoff state without excess
heating.

Figure 3-35 illustrates how the l-watt thermistor-protected
transistor of figure 3-34 compares to a 10-watt transistor
without a thermistor. The arrows indicate the transfer
direction from saturation to cutoff. The area under each
power curve represents the sefe operating range for trans-
istors of that particular wattage rating. The diagram shows
that a l-watt thermistor-protected transistor can be used
instead of a 10-watt unprotected transistor. This diagram

is applicable to transistors with ratings of vCE and VCB =
120 volts, |c = 250 ma, and Pc = | watt or 10 watts, for
the protected and unprotected cases, respectively.
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Figure 3-34, Transistor Voltage Suppression Using a Thermistor
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Figure 3-35. Transistor Switching Characteristics
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(6) If the load were also inductive (rather than purely re-
sistivc), at the instant of circuit opening, the current
could not change immediately, and the original current
would continue to flow through the load and through the
thermistor. Again_ with 5C0-ohms resistance and an un-
specified inductance, this original current Is:

o ™ VS/RL = 120/500 = 0.24 amps (3-24)

The voltage across the switch contacts (or semiconductor
terminals) at the instant of circuit opening is:

vc = IOR° t 0.2k x 50 = 12 wlts (3-25)
Thus, the value of inductance does not appreciably affect
the opening voltage, only its duration.

c. Transistors.

(1) Noise. In addition to power at the signal frequency, the
output of a transistor stage contains spurioL. power at all
other frequencies. This spurious power is noise. A portion
of this noise is introduced into the input stage from the
source. Other noise arises from drift and diffusion currents
through both the pn junctions and the bulk of the semiconduct-
or. Noise, or random current fluctuations, arise due to
the particle, or granular, nature of the current flow. Most
transistor noise is attributed to:

(a) Diffusion fluctustions of the minority carriers
after crossing a junction

(b) Recombination fluctustions in the base region

(c) Thermal (Johnson) noise in the base resistance

3-59



(2)

(3)

Transistor noise fiqure. The noise figure of a transistor

is defined as:

S /N, (5-26)
F oo i 3-26
sO/NO

where si/Ni is the signal-to-noise power ratio at the
input, and so/No is the signal-to-noise power ratio at
the output. For n cascaded transistor stages, the noise

{1yJdre becomes:

Fo- 1  Fy -1 F -1

2 3 n .
F n F 3 + - + . + ——:——. (3-27)
LR TR 616, 616, .-G,

where: FT = total overall noise figure

Fn = noise figure cf the nth stage

Gn = svailable gain of the nth stage

As can be seen from equation 3-27, the gain and noise figure
of the first stage in a cascaded amplifier largely determine

the overall noise figure.

Transistor noise model. The small-signal "'T'* equivalent

circuit of the trensistor (figure 3-36) shows the three
major sources of transistor noise. This transistor noise
model is valid for frequencies less than fo (the a-cutoff
frequency) and greater than 1000 cycles. The mathematical
representatic 1s of these three noise sources are:

2 .
ig=201_8 (3-28)

ol

emitter noisec source

where: I.

dc emitter current

charge on one electron

effective noise bandwidth of the system
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Figure 3-36. Transistor Noise Model, IKC <f <fa

— 2
i: -2 (- l%-) 8 (3-29)

where: i: = noise term in the collector circuit (due to
recombination fluctuations in the base) giv-
ing rise to additional noise fluctuations in
the collector circuit

Ic = dc collector current

a = short-circuit current gain at low frequencies
o}
-]
a B SR
1+ jf/fa

Equation 3-29 is valid when | << I (- ao)
where: 'co = collector current with zero emitter current

e: - bkTr,8 (3-30)
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where: eg = thermal ncise term due to base spreading resistance rb

k = Boltzman's constant
T = temperature (°K)

Experimental results are in good agreement with the three-major-
source equivalent transistor noise model. Actual results

show a slightly higher noise figure which indicates that

there are other noise sources in addition to those con-

sidered here, but that their contribution is small.

Variation of trensistor noise with circult parameters, The

noise figure is a function of (a) frequency, (b) scurce re-

sistance, (c) emitter current and (d) collector voltage.

Noise figure as a functicn of frequency. A typical

experimental noise figure curve as a function of fre-
quency s s.:inwn on figure 3-37. At low freguencies
(typicaily brlow ' Ke) the noise figure, F, rises at

a rate of 3 db/octave, or functionally as I/f. This
type of noise differs from shot and thermal! noise which
have a flat frequency spectrum. Originally, it was

the predominant noise term in transistors, and arose
from inhomogeneities in manufacture. More refined methods
of design and manufacture have reduced this effect to
very low frequencies so that its contribution to the
cverall noise generation can be assumed negligible over
the ordinary range of transistor operation.

At frequencies above | kc, the noise figure of the
transistor can be accounted for by the incremental model
incorporating the thres sources of noise creviously
mentioned. This noise figure may range from 2 to 6 db
and is constant up to a frequency of fa JT-:-EL (fa is
the a-cutoff frequency, a is the short-circuit current
gain). Above this frequency, the noise figure rises at
6 db/octave, which is accounted for in the noise model
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by following the usual transistor analysis of letting &
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Figure 3-37. Transistor Noise Figure v¢ Frequency

Noise fiqure as a function of source generator resistance.

The noise figure is a function of the source generator
resistance, and possesses an optimum value. The typical
variation of noise figure, F, with source resistance,

R, s shown on figure 3-38. The optimum valus of R, for the
common base configuration is given by:

ro << or

2 IpTe e b

. — (3-31)
Rs, opt " * T~ % f < fa { o,

where M is the emitter resistance and the other symbols
have the same meanings as in the previous discussions.
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This optimum value of Rs is not critical as shown by the
curve of - figure 3-38. A typical noise figure may change
by only 0.5 db for a variation in Rs of from one-half to
twice the optimum value; and may change by only 2.5 db

over a range from 1/5 to 5 times the optimum value.

{c) Noise fiqure as a function of emitter current. To keep

the noise figure as low &s possible, the emitter curient,
'e’ must be kept as low as possible. The lowest practica!
value for 'e is typically of the order of 0.3 ma. When

!e is smaller than this vaiue, Short-circuit current

gain (o% begin.i to decrease. The a, shouid be as close
to unity as possible in order to decrease recombination
fluctuations. Figure 3-39 shows a typical example of

the relationship between emitter current and transistor

noise figure.

(d) Noise fiqure as a function of collector voltage. A high

vaiue of collector woltage increases the transistor .-°:3-
figure. As shown on figure 3-40, the noise figure of a

typical transistor remains constant as the collector volt-
age increases until, at about 10 volts, it begins to rise

sharply.

(e) Other factors influencing the noise figure. The noise
figure is approximately the same for all three transistor

configurations (common-base, common-smitter, common-collector).
For mininum noise figure, a should be close to unity, ﬂ:
should be high, and s should be small.

(5) Interference. Wher analyzing interference in transistor

circuits, it is convenient, as with vacuum-tube circuits,
to evaluate it in terms of small-signsl and large-signal
responses. Under smdll-signal operation, it is relatively
safe to assume |inear operation. Interference responses

under these conditions are common in communications-type
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(6)

circuits. They include Images, spurious, harmonic and if
responses. Signals that are large compared to the normal
signal levels for which communication circuits are designed
frequently drive these circuits into non-linear regions.

Such non-linear operation gives rise to spurious interferance
responses that would not otherwise occur. Interference re-
sponses such as cross-modulation, intermodulation, desen-
sitization, and blocking occur under non-linear operation.

Cross-Modulation.

(a) Non-linear characteristzics of transistors may cause cross-

(b)

modulation in high-frequency amplifiers exactly as do the
non-1inear characteristics of vacuum tubes. There is a
marked difference In behavior of alloy junction and drift
transistors with respect to cross-modulation. At fre-
quencies below about | mc, this difference in behavior

is caussd by the difference in base resistance. At higher
frequencies, the diffusion capacitance must be considered,
but the base resistance still remains important.

The cross-modulation characteristic in transistors, as

in vé-uyum tubes, can be describéd by the rms value of

an interfering signal, v.. with modulation index, m, that
produces a cross-wodulation index of | per cent. For
transistors, it con be shown that:

0.1(v, + 1,82
v, " # (3-32)
oWy - 2 1Ry

where Vp = kT/e (sbout 26 mv at 23°C), k is the Boltzmenn
constent (1.380 x IO'23 Jjoule/deg K), T the temperature

in °K, e the energy associated with ) electron volt (1.602 x
10°19 joule), and Iy
this equation, the value of ls
output resistance of the source. Curves showing typical

is the base current in amperes. In
must include any significant
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values of V, as a function of the base current are plotted
in figure 3-41. Of particular interest is that value of
base current at which V, is infinite: (lB = VTIZRB).

(c¢) For drift transistors, the value of base current that
causes Ve to be infinite is approximately one decade
higher than the value for the alloy junction transistor.
The discussion can be related to collector current by
using the current gain factor, p = IE/IB. On figure 3-42
and 3-43, the value Ve (100 per-cent modulated) necessary
to produce one per-cent cross-modulation index is shown

as a function of base resistance with B as a parameter.

d. Diodes. Semiconductor diodes can generate broad-band inter-
ference over a wide frequency range. A diode is incapable of instan-
taneously switching from the conducting state to the nonconducting
stage. When a diode, that has been passing a forward current, is
suddenly biased in the reversed direction, current carriers in tran-
sit through the semiconductor material are trapped and must suddenly
reverse their direction of flow in the circuit. This cccurs at the
time and point that the applied voltage goes through the zero reference.
The result is a sharp surge of raverse current through the diode and
the load. This process of switching, or reversing, results in the
generation of interference. In general, the magnitude and frequency
spectra of this interference are functions of both the diode's tran-~
sient characteristics and the load.

(1) Interference in descending amounts is produced by silicon
diodes, selenium rectifiers, and vacuum tubes. Similarly,
in descending order, interference is produced in freguency
conversion and by inverters, rectifiers, and dc transformers.

(2) There are no specific rules for the reduction of diode inter-
ference. In general, diode interference can be greatly
minimized or avoided by careful diode selection in accordance

with the following rules:
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Figure 3-kl. 100% Modulated Interfering Signal Necessary to
Produce a Cross Modulation Index of 1%

(s) Select a diode that wil: operate at the lowest
current density In proportion to the manufacturer!'s
maximum current rating

(b) Select a diode with the highest working and peak
inverse voltage ratings, so that they will never
be exceeded

(c) Use the lowest possible diode switching rate. iIn
most applications, the severity of interference is
@ direct function of the switching rate: the faster
the diode switches, the worse the interference

becomes

370




INTERFERING SIGMAL vV, (mv)

BASE RESISTANCE Ry (KNL) IN1212-226

Figure 3-42. 100% Modulated Interferirg Voltage Necessary
to Produce 1% Cross Modulation Index at | kc for
an Alloy Junction Transistor
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(3)

(4)

(5)

Because of the number and variety of diode types and their
applications, it is often advantageous to determine by in-
terferance tests which are the best diodes svailable for

a particular application. Such tests can save consider-
able cost in time and equipment and can result in reduced
size and weight. When reducing diode-generated interference,
any filter components or networks that are used will have
maximum effectiveness if thay are physically applied
directly at the diode. In many cases, a complete unit is
designed by packaging the diodes and associated filter
networks in a sinale metallic container. This method is
particularly important in applications where space is
limited. Such practice lends itself most readily to de-
signs where small current diodes are involved. The single-
unit (diodes plus filters) design prevents the diodes and
their wiring from conducting or radiating rf voltages to

adjacent circuits.

Typical interference reduction measures are shown in figures
3-44 and 3-45. For 60-cycle applications, the inductance,
L, is usually between 100 and 300 phs while for 400-cycle
applications, it may be between 250 and 750 puh. The cir-
cuit in figure 3-LLA reduces interference by controlling

the transient current; the circuits in figures 3-4LB and
3-LUC employ filtering. The circuit in figure 3-LiC is
generally used at higher line frequencies and when greater
attenuation is needed than that afforded by inductors alone.

A capacitor across the output of & bridge circuit is
effective in reducing both ripple and interference. For
60-cycle applications, a capacitor of from 0.1 to 0.5 uf
con be used. When the dc output from the bridge circuit
exceeds one amp, & power-line filter configuration should
be used for reducing both ripple and interference. A
typical circuit is shown on figure 3-4SA. The L-type
filter is formed by cl and L; C2 represents a high value
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Figure 3-4k. Interference Reduction of Diode Rectifier Circuits
with Series Inductance and Shunt Capacitor

3-74




INPUT
¢* )
- ouTPUT
A, POWER LINZ FILTER
INPUT o o
T OUTPUT
o A °
B. LIMITING RESISTARCE AND SHUNT CAPACITOR
INPUT _Ii . -0
I°
= ouTPUT
[N
°

C. LIMITING RESISTANCE AND BY-PASS CAPACITOR
¢ THESE COMPONENTS ARE SPECIFICALLY FOR INTERFERENCE SUPPESSION IN1212-233

Figure 3-45. |Interference Reduction of Diode Rectifier Circuits
with Power Line Filter, Limiting Resistor and Capacitors
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of capacitance such as that normally used for ripple
filtering. The inductor limits surge current to cz and
the load by acting as a reactance voltage divider. |If
power and heat dissipation can be tolerated, resistors

of the order of 1 to 10 ohms may be inserted in the bridge,
as shown on figure 3-458. These resistors limit the
magnitude of switching and rf transients. The capacitors
shown on figure 3-45C bypass rf currents to ground. In
60-cycle bridge networks, the resistors alone are usually
sufficient for interference control. For 40O-cyclie appli-
cations, capacitors of 0.05 to 0.25 uf will effectively
bypass rf currents.

e. Zener Diodes.

(1)

If & Zener diode is biased in the forward direction (positive
to anode), considerable current will flow when the barrier
potential is exceeded (fig. 3-46). When a source of low
voltage is applied to the diode in the reverse direction
(positive to ;athode), the junction back-resistance re-

mains quite high, and junction current is of the order of
several ua. As the reverse potential is increased, the
Junction reaches a crltical point, and the diode avalanches.
This breakdown is not destructive as long as the diode's
dissipation capabilities are not exceeded; the device may

be cycled in and out of this region as often as necessary.
When avalanche breakdown is reached, the normally high back-
resistance drops to & low value; and the junction currert
increases rapidly, limited principally by circuit resistance.
As the voltage Is increased beyond the breakdown point,

the diode current !ncreases proportionately, but the junction
voltage remains essentially constant.
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Figure 3-46. Current and Voltage Characteristics for a Typical Zener

(2)

Diode Regulator

Whenever electric power to irductive devices is controlled

by contacts that initiate and interrupt the flow of current,
the problem arises of protecting the contacts from erosion
and reducing both inductive voltage and interference. These
problems are prasent in both ac and dc circuitry. Particular
consideration should be given to transistor circuits. Ex-
cessive potentials can destroy the transistor junctions.
lZener diodes are used in manual as well as transistor switch-
ing circuits for reducing excessive potentials. When a
switch in an inductive circuit is opened, the magnetic field
in the coil collapses, and @ wltage is generated equal to

L di/dt (where L is the coil inductance and di/dt is the
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time rate of change of the decay current). This wlt-

age is frequently many times larger than the supply volt-
age and is sufficient to maintain an arc across the open-
ing switch contacts. Repeated arcing causes erosion,
pitting, and general physical deterioration of the con-
tacts and results in high-contact resistance, increased
maintenance, and most important, generation of inter-
ference. To obtain maximum contact protection with
optimum circuit operation, it is necessary to design the
proper interference reduction circuit (fig. 3-47) and

to specify the proper type and rating of the seﬁiconductor
device. For all ac circuits, the circuit design of figure
3-L7C is necessary since voltages of both polarities are
involved. In some applications, a delay in drop-out

time of a relay or contactor may be advantageous. The
duration of this delay can be controlled by using the
circuit of figure 3-478 with a variable resistor.

f. Tunnel Diodes.

(1) The tunnel diode is a heavily doped semiconductor junction
that exhibits negative resistance current-voltage character-
istics when the diode is biased positively in a range from
spproximately 50 (o 300 mv. The tunnel diode presents some
difficulties in use. Its low negative resistance character-
istic makes it difficult to provide a dc biasing supply of
'ow enough impedance. This poses a problem in reducing
parasitics in the external circuitry. The gain of a tunnel-
diode ampiifier is also a marked function of load conductance.
A change of | per-cent in the load conductance produces a
30 per-cent change in resonant gain. Measurements on such
circuits should introduce as little additional conductance

as oossible.
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Figure 3-47. Interference Reduction Circuits Utilizing
Zener Diodes
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(2)

(3)

Because the tunnel diode has high conductance, it can be
operated at kmc frequencias only if the associated cir-
cuitry has a low series impedance. Pigtail connections

to the device ara to be avoided because the lead inductance
becomes excessive. A standard crystal cartridge, normally
used for silicon diodes, has too much inductance for a

tunnel diode.

Some complex interference problems were found in project
""'Lightening'!, a | kmc tunnel diode computer using dis-
crete miniature component circuitry. The extremely high-
speed operation, with semiconductor devices and reduced
size of equipment, made the design very difficult.

Three main problem areas arose from high-speed operation:

(a) Delays due to wire length were significant and

required optimum location of components
(b) Signal waveform distortion was greatly increased

(c) Signal crosstalk became sufficiently large to re-
quire shielding of a large part of the wiring. One
type of shielding was accomplished by using a channe!
wiring assembly; the wires, already covered b, insula-
tion, were placed in slots. The surfaces of these
slots wers metal-plated, and the resulting configura-
tion was virtually a coaxial transmission line.

The circuits were placed on wafers, and the wafers
were placed in a holder (fig. 3-48).

A large part of the interference problem was due to common
ground return paths. Designing to isolate the ground re-
turn paths as completely as possible reduced the coupling
to an acceptable leve! and permitted the desired operat-
ing speed to be approached.
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Figure 3-48. Wafer Interconnection with Transmission Lines

g. Silicon-Control!led Rectifiers.

(1)

General. The inherently regenerative turning-or action of

silicon-controiled rectifiers (SCR's) causes them to switch
very rapidly and tends to shock-excite supply lines. Fast
rates of rise of current can cause voltages to be induced
across the distributed inductances of & supply line. In
the presence of distributed |ine capacitance, this action
causes a redistribution of charge on the line. Generally,
the redistribution of charge will be oscillatory at a
fundamental frequency determined by the parameters of the
supply lins. For most common types of power distribution
lines, the fundamental frequency is usually between 0.250
mc and 2 mc. An SCR may be considered as a generator, pro-
ducing high-frequency voltages that can give rise to inter-

ference, or act upon other SCR circuits. When acted upon
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by line disturbances, an SCR circuit may be considared
as a receiver that is sensitive to high-frequency volt-
ages. Generaily, these vo!tages act upon the znode of
the device directly; or find their way into the trigger

circuit and cause the SCR to fire spuriously.

(2) Interferenrce reduction design procedures. Tkere are two

possible cases of ground circuitry configuration to con-
sider in SCR operation. In one case an rf ground is not
avaiiable at the equipment that houses the SCR; for ex-
ample, in most residential wiring. The other case is where
an rf ground is readily available: for example, 2 military
power supply may be self-contained in a metal enclosure
mounted in a metallic rack. Such a large expanse of metal

can be considered an effective rf ground.

(3) Conducted interference. When swit:hing speed is not critical,
the basic approach in designing interference reduction for
SCR circuitry is to localize and contoin the inital high rate
of rise of current tc as small a section of the circuit
as possible. This can be done by placement of smal! in-
ductances in the cirzult between which this high rate of
rise current is to be localized. Generally, a return path
must be furnished for the high-frequency component of this
current. A small noninductive capscitor will provide this
return path. Figure 3-49 shows a good interference reduction
design approach for a system that does not have an rf ground
accessible. Figure 3-50 shows an approach fcr the system
in which an rf ground Is accessible. The values of the com-
ponents to be used depend upon the amount of interference
reduction desired, the nature of the supply line, the lay-
out of the circuit, the nature of the load, and generally,
the power level ot the circuit. In a conventional 117-volt
ac supply line, with a load under | kw, the following values
have been found to yield good results: L = 60 ph aud C = 0.01 pf.
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The inductance need be in the circuit for only the few
microseconds of the turn-on switching interval. For this
reason, the size of the inductance, even in nigh~capacity
circuits, will be small since it is allowed to saturate
after the turn-on interval. The nature of operation of

the SCR is relatively unimportant in connection with the
generation of interference. The same general considerations,
in designing for reduced interference, are equally valid
whether the SCR is used in a phase-controlled system or

in an inverter or chopper system.

Interaction. The SCR system acts as a receiver of any
voltage transients generated elsewhere in the circuit.

These transients can act on either or both the trigger
circuit for the SCR or the anode of the SCR in the main
power circuit. Interaction causes the SCR system acted

upon to follow or track, completely or partially, another
SCR system. |In addition, various types of partial turn-on,
depending on the nature of the trigger circuits, may occur.
The elimination of interaction phenomena must take total
circuit layout into consideration. When an SCR circuit

is acted upon with its gate circuit disconnected (open

or terminated gate), the interaction is usually attributable
to the rate of rise of forward voltage. When energizing

the circuit, such as by a contact or circuit breaker,
applicable rate of rise of forward voltage specifications
for the device must be met. Once the circuit is energized,
the SCR will sometimes respond to high frequencies superposed
on its anode supply voltage.‘ Applicable specifications for
the SCR must meet this condition, or steps taken to attenuate
the rate of the voltage rise. Because of the nature of
anode circuit interaction, it is unlikely that an SCR will
track another SCR circuit over the full phase control range.
It will usually lock-in over a very limited range near the

top of the applied anode voltage half-cycle where its sen-
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(5)

(6)

sitivity to rate of voltage rise is greatest. The best

way to-reduce this type of interaction is either to in-
crease the capability of the SCR to withstand the rate of
voltage rise, or reduce the rate of rise of positive anode
voltage. Negative gate bias, a smali capacitor (not over

0.1 uf) connected directly across the SCR, resistor-capacitor
network elsewhere in the circuit, or a combination of

these three measures is recommended. When using capacitors
for transient reduction work, only low-inductance capacitors
with very short lead lengths should be used.

Radiated interference reduction design. Good electrostatic

shielding is the best approach to reduce radiated interference;
the high rate of rise of current should be confined to as

small a vo'ume as practical. The dashed lines on figures

3-49 and 3-50 indicate the volume of the circuit that must

be enclosed within shielding. The shielding is ther brought

to a solid rf ground.

Interfere.ice on trigger circuits. The unijunction transistor

(UJT) is an ideal device for use in firing circuits of SCR's
because of its stable firing voltage, low firing current, and
wide operating temperature range. SCR firing circuits using
UJT's are simple and compact, with low power consumption and
high effective power gain in phese-control circuits. In
addition to good design practice in the entire SCR circuit
configuration, as well as in the triggering circuits, the
following steps for interference decoupling can be taken
when UJT's are employed in the SCR's trigger circuit. There
are two major types of Iinteraction that can act on a trigger
circuit: interaction directly from a supply iine end inter-
action from an SCR gate circuit. Both of these may cause
the trigger circuit to fire prematurely and give rise either
to spurious firing or complete or partial tracking of the
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SCR's in the circuit. The response of the trigger circuit
to incoming transients determines the degree of interaction.

(a) Decoupling the UJT circuit from supply transients. Either

ore or a combination of the following suppression devices
wili give effective interference decoupling against line

voltage transients acting on the WJT firing circuit:

1) Control (isolation) transformer with an rf filter

across iis secondary

2) Boot-strap capacitor between base twc and tha
emitter of the UJT

3) Thyrector diode across the supply to the unijunction

circuit
The value of the boot-strap capacitor ¢, (fig. 3-514)
should be zhosen so that the voltage divider ratio of
CI and C2 is approximately equal to n, the intrinsic
standoff ratio of the UJT:

¢
neg (3-33)

1 + 6

If this condition is met, neither positive nor negative
transients on the unijunction supply voltage will fire

the UJT.
(b) Decoupliing UJT circuits ageinst SCR gate transients.

Negative voltage transients, appearing between the gate and
cathode of the SCR's, can cause erratic firing wkan trans-
mitted to the UJT. When transformer coupling i used, these
transients can be eliminated by using a diode bridge in

the gate circuit of the SCR (fig. 3-518). Negastive tran-
sients often arise in SCR gate circuits, in impulse-
commutated clircuits, and, under certain conditions, in

ac phase-control circuits.
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Figure 3-51. Circuits for Decoupling of Unijunction Transistor
from Voltage Transients
(7) Good design practices to minimize sources of SCR interaction.
A combination of good system design practices, good circuit
layout, good equipment layout, and, if necessary, a small
smount of circuit filtering, will usually suppress inter-
ference to acceptable levels and eliminate various types of

interaction phenomena. The following system considerations
are recommended:

1) Operate parallel and potentially interacting SCR
circuits from a stiff (low-reactance) supply line

2) If supply line is soft (hign-reactence), consider
using separate transformers to feed the parallel
SCR branch circuits. Each transformer should be
rated at no more than the required rating of the
branch-circuit load
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k)

5)

Avoid purely resistive loads operating from stiff
lines; they give highest rates of current rise on
switching

Keep both leads of a power circuit wirina run to-
gether; avoid loops that encircle sensitive control

circultry

Arrange magnetic components to avoid interacting
stray fields
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Section Il. FILTERS, CAPACITORS, AND INDUCTORS
3-6. Filters

a. Filters are combinations of circuit components designed to pass
currents at certain frequencies and to attenuate currents at other
frequencies. They utilize the resonance characteristics of series and
parallel combinations of inductance and capacitance. These reactances
reduce interfer nce by introducing a high impedance in series with the
interference currents and/or shunting interference currents toc ground
through a low impedance. Figure 3-52 shows the attenuation-frequency
curves for four common types of filters and figure 3-53 shows typical

filter arrangements.

b. The most common typ~s of inter.erence filters are the L-section,
the T-section, and the X-section. The n-type filter is the most widely
used because it provides greater attenuation than do the L- and T-types
for only a small increase in size. All of the filters shown on figure
3-54 are low-pass filters. To convert them to high-pass filters, all
of the L's are replaced by C's, and all o€ the C's are replaced by L's,

(1) The insertion loss, &, for the filters of figure 3-54 may be
calculated from the following equations:

E
Insertion loss = @ = 20 logIo Fi (3-34)

where: E' = |oad voltage without filter in the circuit

E, = load voitage with filter In the circuit

2
(2) For the L-type filiter of figure 3-54A:

Let R' =R =R

L

(2-w2LC)? + (uCR + %L)z
Insertion loss = 1€ log,, n (3-35)
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(3) For ths n-type filter of figure 3-5uB:

Let Rl ' RL = R
3 .2 2
Insertion loss = 10 log,q [(1 - ofle)? 4 B - 2ER, mCR) ] (3-36)
(k) For the T-type filter of figure 3-54C:
Let R' = RL = R
2 2 fut _ oi’c . uthl 2
Insertion loss = 19 log,, (l -@le)” + (R - “'-ﬁ—- +€—) (3-37)

3-7. Filter Characteristics

a. Ratings. Filters are usually inserted in a circuit so that all
circuit energy passes through them; they must therefore perform their
functions without Impalring normal circuit opsration. Filters are gen-
erally rated in terms of the wvoltage and current parameters of the cir-
cuit in which they operate.

b. Attenyetion and lnsertion Loss.

(1) Attenuation and the frequency range of attenuation are the
primary characteristics that determine filter suitability
for interference reduction. If a selected filter does not
provide the minimum attenuation required in the stop-band,
it is not satisfactory, regardless of its other character-
istics. Figure 3-55 iliustrates a typical attenuation-versus-
frequency curve for » powsr-line filter. The attenuation of
the filter is expressed as the retio of the filter input-
voltege to the filter output voltage, measured under normal
clrcuit conditions:

E
Attenuation (db) = 20 log'o I Ei I (3-38)

3-93




ATTENUATION, DB

100 —

GREATER THAN 80 DB

w-—

r—
w—
x)r-—
m—
ot 1 v o
.01 ] 1 10 100 Hve} 10,000

Figure 3-55.

(2)

(3)

FREQUENCY, MC IN1212-242

Attenuation vs Frequency for a Power Line Filter

where: El = voltage across filter input terminals
E2 = voltage across filter output terminals

The attenuation figure, however, does not take into con-
sideration the source and load impedances and, therefore,
does not represent » true indication of the suppression
effectiveness of a filter. The use of the insertion loss
criteria is a far more realistic measure of a filter's
effectiveness, as it is a function of both source and
load impedances as well as a function of the filter

network itself.

in their filter catalogs, most filter manufacturers quote
values of insertion loss (the ratio of voltages at a given
frequency appearing across the load terminals before and
after the fllter is inserted into & circuit):

E
Insertion loss (db) = o = 20 log|o -Ei— | (3-39)




where: E, = load voltage with the filter in the circuit
E3 = load voltage without the filtar in the clircuit

Insertion loss is usually quoted by manufacturers for a
50-ohm system. |f the circuit to be filtered does not
have both a 50-ohm input and output impedance, the in-
sertion loss will differ from the catalog value. |In
these cases it is advisable to use matching networks to
make the system 50 ohms.

c. Filter Considerations. The following characteristics are

common to al! filter installations and should be carefully considered

in filter selection:

1) Voltage rating of the circuit in which the filter is
to be inserted

2) Maximum current that will pass through the filter

3) Duty cycle of the filter; this applies to the
decreased load current of intermittent operation

L) oOperating frequency of the circuit and the frequencies
to be filtered

5) Voltage drop that cen be tolerated at the operating
frequency

6) Maximum ambient temperature at which the filter must
operate

7) Attenuation required of the filter for acequate inter-
ference reduction

8) Minimum filter life -~ the number of hours a unit will
operate satisfactorily under rated conditions and at
maximum ambient temperature .

9) Circuit requirsments such as minimum (or maximum) capac-
itance or insulation resistance:
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a)

b)

c)

d)

Voltage and current ratings required of a filter,
unless otherwise specified, are the maximum al low
able for continuous operation. &Aay filter will
perform satisfactorily when operated below its
nameplate rating. The breakdown voltage of ca-
pacitors used in filters should also be considered.
A safety factor of approximately 100-percent should
be used. For a given application, the working vol-
tage of a standard filter capacitor should be twice
the voltage of the circuit in which it is used. |In
general, filter test voltage should be twice the

filter's nameplate rating

Power-frequency specifications are primarily appli-
cable to low-pass line filters. Filters should not
be operated at power frequencies above those speci-
fied by the manufacturer. They will operate satis-
factorily at frequencies below those marked on t}-=

nameplates

All filters using series inductors cause some voltrge
drop. The magnitude of this drop is determin=d by
the series resistance of the filter and may be ex-
pressed, for example, as: maximum voltage drop at
rated current = 0.1 volts. In some cases, only the
series resistance is given. When th!s occurs, the
voltage drop for dc filters, or ac filters when the
cut-off frequency is far removed from the operating

frequency, cen be calculated using Ohm's law

If the ambient temperature deviates from the range
specified for the filter, failure or shortened ser-

vice life may result

The capacitance to ground of a filter is often a
determining factor in the filter's application.
Some circuits may limit the maximum capacitance to
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f)

q)

ground to prevent long time-constant currents from charging
the capacitors through a resistor. Ancther instance

in which capacitive limitsations are important is

when capacitors might cause danger to perssnn:l be-

cause of charging currents

The insulation resistance of a filter decreases con-
tinually during the life of the filter. The resist-
eace of & new filter usually measures several hundred
megohms, and, after severa! years of operation, may
measure 50 megohms. Because most power cables can

be used with an insulation resistance of one megohm,
the insulation resistance of a filter has little

effect on such cables

The following nameplate information, taken from an

actur] filter, is typical of most filter ratings:
RF Interference Filter SP-99

For Telephone Line Application

Current: 2 x 0.15 Amperes

Voltage: 250 VAC

AC Frequency: 60 CPS

Voltage Drop At Maximum Frequency: 0.1 wolts
(at unity P.F. for AC units)

Duty Cycle: Continuous

Operating Tempera ..e Range: -55°C to +85°C
Weicht: 2 pounds, 8 ounces

Test Voltage: 1000 VDC

Special '
Faaturss: Nominal 600 ohms pass-band impedance

Less than 0.5 db pass-band insertion loss
from 50 cps to 15 kcs in 600-ohm line
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6N d» at S0 kcs, meesured per MIL-STD-200
Hermetica'ly sealed

Hot-tinned nonferrous case

Pressurized mounting

Glass or ceramic terminals

d. Muitiple Circuit Filter Versus Single Units. The probiem of

equipment requirement for many filters has two possible solutions.
The first is the use of a2 single, hermetically sealed box contain-
ing all the LC circuit components needed for filtering the equipment.
input to the container may be accomplished by compression solder-
sealed terminals; output, by a connector through a bulkhead. The

advantages of this method of packaging are:

1) Field replacement is comparatively easy, and the down-
time required to return the inoperative equipment to
use is short

2) All power leads ire routed to one point, passed through
a black box, and out of the equipment through a single
point

3) A small saving in size and weight is effected
Its disadvantages are:

1) Failure of any circuit means failure of the entire unit,
since replacement of component parts within the hermetic
enclosure is not practical

2) The reliability of this type of unit is greatly reduced,
compared to a single network, by the large number of
components involved

The alternstive solution is the uss of single-circuit filters. The
advantages of using single-circuit filters are:
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1) Availability

2) Failure of .one component does not mean the loss of
all filters in the system

3) Rellabllity is increased by the reduction of the number
of components per enclosure

L) Cost and delivery time may be reduced
The disadvantages of this solution are:

1) More complex harnesses may be needed

2) Size and weight may be increased

A comtination of the two methods, if space limitations permit, offers
the most prectical solution. Individual standard components can
be located within an open framework to provide replaceable units
within a common enclosure. The output leads can be brought to a

connector located on the frame to provide the single exit point.
3-8. Lossy Transmission Line Filter

a. The usual n or T filters, intended for broad-:and inter-
ference filtering, are generally composed of lossles: or very
neariy lossless, inductive and capacitive lumped ele :ants. Such
filters cannot dissipate energy within their rejectic* range; they
merely reflect it, reroute it, or transform it so that, under
certain conditions, it may resppear slsewhere as an undesirable
signal or interference. For any contiguration of lossless cir-
cuit elements of a filter, there may be found, for any frequency,
a load !mpedance for which the filter will transmit to the load
the maximum energy available from the source. Given the proper
source and load impedances, insertion of a lossless filter may
actually increase the energy delivered to the load; or the filter,
in tha* circult at that frequency, might have negative insertion
loss. Similarly, the application of a filter composed of loss-



less lumped elements, may also, under proper circuit impedance
conditions, increase the voltage or current at the load. Unlike
carefully designed laboratory circuits used for insertion loss
measurements, where source and load impedances are fixed at

exactly 50 ohms resistive, the impedances that a filter sees

in most practical power line applications are extremely variable
with frequency, and range from very high or very low resistive to nearly
minus or plus infinity reactive. in a practical application,it is
therefore not unlikely that at one or several frequencies with-

in the range over which the filter is expected to be effective,

the circuit impec.nces will cause a critical lowering of the
filter's insertion loss. These impedances may even render the
insertion loss altogether negative. Demonstrations of this effect
have been observed in which application of a reactive filter to

a line carrying interference has actually resulted in more, rather
than less, interference voltage appearing on the line beyond

the point of application. This deficiency, inherent in all filters
composed of lossless elements, has led to the investigation of

a dissipative type of filter that takes advaniage of the loss
versus frequency characteristic of dielectric materiails such as

ferrites.

b. The dissipative filter is a short length of ferrite tube
with conducting silver coatings deposited in intimate contact on
the inner and outer surfaces to form the conductors of a coaxial
trensmission line. The line becomes exiremely lossy; that is,
it has high attenuation-per-unit-length in the frequency range
where either electric or magnetic losses, or both, become large
and increase rapidiy with frequency. Figure 3-56 illustrates a
typical insertion loss versus frequency curve for a lossy forrite
tube transmission line filter. Dissipative filters of this type
are necessarily low pass; and the iarge field of application is

general purpose power line filtering.
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3-9. Microwave Filters and Matching Networks

2. Requirements for microwave filters are often met by coax'al or
waveguide construction. The coaxial technique is aprlicable to 2 s 3
kmc, while waveguide elements are normally used above these frequencies.
The upper frequency limit for coaxial line Ffilters i usually determined
by several factors, among which are fabricaticn tolerances and construc-
ticn arrangement. Resonant waveguide elements a‘e useful for narrowband
filters, but wideband filter requirements must usually be met with cas-
caded waveguide elements. Beginning in the early 1950's, ustrinline tech-

niques have been applied to the problem of fabricating microwave filters.

b. Band pass, band rejection, high pass, and low pass filters have
been prcduced using strip transmission line. Figure 3-57 shows an exam-
ple of ore of several configurations of stripline presently in use. A
single copper strip forms the center conductor. This strip is embedded
between two dielectric sheets which are surrounced by two copper plates
that form the ground plane. In practice, it has been found that filter
construction using stripline limits t.e designer to simple but adequate
combinations of series lines, open or shorted shunt lines, and series ca-
pacitors (formed by transverse sluts). Shunt lines are formed by lengths
of stripline at right angles to the mainline. Short lengths of open cir-
cuited line appear capacitive; short lengths of short circulted line ap-
pear inductive. A method of producing shoried shunt lines is shown in
Figure 3-58. A common problem encountered In the use of stripline tech-
niques is the possibility of propagating higher order modes. Such modes
can be excited by any unintentional tilt of the center conductor. The
result can be narrow spurlous pass respunses in a rejectios band. These
can be eliminated by loading the line with resistor cards, powdered iron
slugs, or screws located sc as to absorb energy from the higher modes
without affecting the main transverse electromagnetic (TEM) lines. In
addition to preventing the propagation of undesired hifgier-order modes by
electrical means, the above methods provide a mechanically rigid structure.
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&+ The commenly used = and T filter sections can be fabricated using
stripline techniques. Figu-e 3-59 shows the stripline center conductor
pattern ard the low frequency equivalent circuit for a basic Te.section.
The inductances shown in the lumped circuit are represented in stripline
form by short lengths of line terminated by transverse elements. The
value of the inductive elements may be varied by altering the width, (W),
of the center conductor and hence the characteristic impedance. The ca-
pacitive element in the lumped model is produced by a transverse line of
the appropriate electrical length. Note that the transverse element is
placed symmetrically about the center conductor instead of being placed
totally on one side. Splitting the shunt capacitive reactance into two
equal sections on either side of the line shortens the necessary physicc.
length of the stubs and therefore places spurious responses farther away
from cutoff and into the stop band. By combining the basic n and T sec~
tions, more complex filters may be fabricated. The cunter conductor ¢ ~-
figuration for @ low pass filcer and its equivalent fow frequency network
are shown in figure 3-60. Filters of this type are useful because they
are comparatively small and spurious responses are at frequencies tar

removed from the pass band.

W% I
T ‘T

Figure 3-59. Symmetrical T-Section Filter and Equivalent Network
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Low-Pass Filter and Equivalent Network
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d. There are two types of spuricus responses generally encoun-
tered in this tvpe of stripline filter. One type of response occurs
at a frequency whz=re the spacing between shunt elements is equal to
a half wavelength and at integer multiples thereafter. Another type
occurs when the shunt element length equals a half wavelength or an
integer multiple thereof. In carefully designed stripline filters,
these responses occur far above the pass band. If it is found nece-
ssary, these responses may be eliminated by cascading the filter
with a low-pass filter having a cutoff frequency slightly lower than
the firsc spurious response and having no coincident spurious respon-

$2S.

e. lupedance matching networks may be readily fabricated in
stripline. Pyrely resistive matching can be accomplished by line-
arly or exponentially tapering the width of the center conductor.
Figure 3-61 shows a line linearly tapered to match two different
characteristic impedances, Z‘ and Zz. More complex matching may
be accomplished hy including shunt reactive elements of the proper

electrical length.

€, The relative simplicity of fabricating stripline circuits
and the Inherent low losses make the use of stripline attractive
for microwave applications.

3-10. Waveguide Filters

All waveguides act as high-pass filters with cutoff frequencies
(the lowest frequencies at which propagation will occur without attenu-
ation) determined by the shape and size of the waveguide, and by the
mode of transmission. The greater the number ¢° joints and bends in

3-106



¥,

S o

1
777, .
j

IN1212-309

Figure 3-61. Linear Taper Matching of Strip Lines

a system, the greater its capacity for creating and supporting different
transmission modes. The attenuation characteristics of hollow-pipe
guides are similar to those of conventional -high-pass filters in

which the electrical slements are lumped rather than distributed.

At frequencies below the cutoff frequency, power Is rejected because

the guide dimensions and frequency do not permit the existence of

tha type of waves that transmit power. In this region, there is no

real propagation, and the fields are attenusted exponentiaily. The
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attenuation (@) in &« length of guide (L) is:

Lf
as= 54,5 v‘ 1 -

|
(%—) 2 jecibels (3-42)
c [+

where: fc = cutoff frequency
f = operating frequency

v, " velocity of light (vc must have the identical length units
as L)

In the design of equipment enclosures, it is almost always necessary to
vide openings for control shafts, meters, and ventilation. Such
openings act as windows for radiated interference. An extremely

useful interference reduction technique is to design the aperture

through which leakage occuis to be a waveguide-type attenuator. Values
of attenuation for circular and rectangular waveguides are given on
figures 3-62 and 3-63.

a. Mide-Band Reflective Wavequide Filters. The serrated-ridge
type waveguides provide high stop-band insertion loss over a wide

frequency range. Values of pass-band losses of less than 0.1 db,

and of stop-band losses greater than 50 db over a two-to-one fre-
quency rangs, are easily attained with these waveguides. The power-
handling cepacity of this type of waveguide filter is only about one
per-cent of the unperturbed waveguide. |f carefully e acuated, such
filters are able to operate at up to half the power-handling capacity
of corresponding unridged waveguides at one atmosphere of air pressure.
This type of filter may also be useful as part of a hybrid filter
whera the power is d!vided into several branches. A similar corrugated
waveguide filter (fig. 3-29 in Section | of this chapter) has been
designated the waffle-iron filter because of its construction. As

in serrated, ridged waveguides, only the dominant mode propagates

in the stop-band; therefore, there is no multimode problem. This
filter is very compact, eesily fabricated, and has a power handling
capacity of about three per-cent of the corresponding uncorrugated
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waveguide. The same filter, when evacuated, is capable of hendling
100 perecent of the power that the unperturbed waveguide can handle
at one dtmosphere of air pressure. Figure 3-30 in Section | of
this chapter shows the characteristics of this filter.

b. Reactive Mode Devices. There are numerous reactive devices

that can be used in filter designs to increase the stop-band in-
sertion loss for a particular mcde. Decreasing the height dimension
of the waveguide in the filter will reflect mast of the TEOn modes
and the degenerate modes, thereby providing high insertion loss

(50 db or more). However, the power handling capacity is decreased
in the same proportion that the height dimension is decreased. The
same insertion loss for the same modes can be attaine« by placing

a septum in the waveguide, parallel to the Y-Z plane, which does

not disturb the propagation of the dominant mode. By tapering

and rounding the edges, as shown on figure 3-6k, the gradient

field enhancement at the front and back edge of the septum bacomes
negligible. Thus, a thin septum has little effect on the power
handling capacity. Septum sections have been high-power tested

and shown not to degrade the system. Septa can be counstructed
either in the form of a series of rods projecting across the filteg
or in the form of bullets projecting out from the narrow walls (fig.

3-65) .

€. Tuned Cavities. Another resactive device that is useful for
increasing the stopeband loss is the tuned cavity. Figure 3-66
shows a section of such a cavity attached to a w~aveguide section.
A few cavities can add 30-db loss over a narrow frequency range.
Placement of these cavities away from the regions of maximum electric
field enables the section to mairtain 100 per-cent power handling

capacity.

d. Ferrite Filters. The use of resonant ferrite materials in
waveguides to provide the desired attenuation at certain frequencies
has been discussed and proposed by a number of investigators. Ferrite
materials, properly located in a waveguide, provide attenuation by
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absorbing undesired energy, thus providing a nonreflective filter.
By placing a thin slab of ferrite material across the broad walis
of a section of waveguide and biasing the ferrite with magnetic
fields chat cause resonances to occur, it is possible to absorb
large amounts of microwave power over a selected frequency range.
in using ferrites to absorb harmonic signals, the pass-band to
stop-band loss maintains a ratic similar to, but higher than, that
of ferrite isolators. A substantial furidamentai power loss may be
experienced in atiempting tc obtain extra broad stop-band loss.
Ferrite slabs, placed on the waveguide broad walls,will not absorb
energy from al! modes with equal efficiency as the intensities of
the rf magnetic fields often vary considerably from mcde to mode.
In such filters,it is often necessary t> reduce the height di-
mension of the waveguide to generate a sufficient magnetic tield
across the ferrite slab. In so doing, @ sizable amount of the
energy in the rarrow wall modes is reflected instead of absorbed,
and the power-handling capacity is lowered. Excellent character-
istics of 0.2 db to 0.3 db pass-band loss and 30 db to 50 db stop-
band loss can be achieved using ferrites at povers in the range of

five megw and higher.

IN1212-248

Figure 3-64. Septum Section
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Figure 3-66. Tuned Cavity Section

3-113



e. Mode Filters. There are various filter techniques that can

be used to absorb certain modes. Among these techniques is tne
placement of a thin resistance film perpendicular to the narrow

wall and parallel to the broad wail of a waveguide, as snown on
figure 3-67. Such a film effectively absorbs many of the modes

that have a narrow wall component of electric field, without affect-
ing the dominant mode. A narrow slot, filled with absorbing meterial
and placed along the broad wall of the waveguide in a manner similar
to a slotted line, will absorb the energy from all modes which have

a current path perpendicular to the slot.

THIN RESISTANCE FILM ,//////A\\hf:\s.

IN1212-251

Figure 3-67. Narrow Wall Mode Absorber Strips
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3-11. Filter installation and Mounting Techniques

a. General.

(1)

(2)

Electromagnetic interference can emanate from equipment
both bv radiation through space and by .onduction through
power lines and control circuits. No matter how well=-
shielded a source may be, the shielding effectiveness

can be nullified by conduction of interfering currents

in the power, control, aad instrumentation leads. C(a-
pacitors and filters prevent interference from reaching
other circuits by introducing high-impedance paths for
the interfering currents, or shunting them from the load
through a lower impedance to ground, or providing a re-

flective mismatch to the interference.

When using filters, proper installation is absolutely
necessary to achieve good results. Effective separation

of input and output wiring is mandatory, particularly

for good high-frequency performance, because the radiation
from wires carrying interference signals can couple directly
to output wiring, thus circumventing and nullifying the
effects of shielding and filtering. Input and output
terminal isolation is most easily accomplished by using

e filter that mounts through & bulkhead or chassis. In

all cases where bulkhead mounting isolation is not feasible,
isolation by shielded wiring is mandatory. It is highly
desirable to locats suppression components in or on the
device generating the interference. The rf impedance be-
tween filter-case and ground must be as low as possible.

The methods of mounting a filter become very critical at
high frequencies. |f complete isolation is effected be-
tween input and output, filter insertion loss will approach
the dasign figure.
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(3) The impedance to ground of a filter that is improperly
mounted, from :he standpoint of rf grounding, can be-
come sufiiciently large ir value to cause interference
voltages to develop across the impedance at radio fre-
quencies. These voltages reduce the effectiveness of
the filter. An important factor in filter performance
is the bonding of the filter-case to the ground plane
structure of the interference source. This requirement
is of utmost importance if the filter is to achieve its
design performance capability. Figure 3-68 illustrates
the effect of poor bonding on a n-section filter. The
path of rf currents is indicated by the arrows. When
a poor bond exists, the filteracase is raised above
ground ty an impedance, Zb. With this condition exist-
ing, the current through the first shunt capacitor, C',
divides at the junction of the two capacitors and Zb.
Some curr. - flows through Zb, depending upon the impedance.
The remaining current Flows through the second shunt
capacitor, Cz. to the load, thus compromising filter per-
formance. It is imperative that the surface on which a
filter is mounted, as well as the mounting surface of the
filter itself, be clean and unpainted. The rf impedance
of the filter-can to ground should be as nearly zero as
possible. If the surfacaes are aluminum, and a good bond
is required, the surfaces should be iridited, never anodized.
The mounting ears, or studs, must ensure firm and positive
contact over the entire area of the mounting surface. Al-
though the location of the filter depends on the individual
spplication, in general, it should be installed as close
as possible to the interference source. In cases where
there is no control over the interference source, the fil-
ter should be installed at the point of susceptibility.
Grounding plays an important role in the application of
filters and capacitors, whether the two~terminal by-pass
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POWER
SOURCE

type or the three-terminal feed-through type is used.
Grrunding is an important factor in the case of feed-
through capacitors and filters because these devices

are inherently more effective in the high-frequency
ranges than two-terminal capacitors, and there is, there-
fore, more to lose by excessive impedance in the ground
circuit. When using by-pass capacitors for interference
reduction purposes, only metal-cased by-pass capacitors
should be employed. The cases should aiways be grounded
directly to the chassis, either by suitable clamps or

by threaded-neck type construction. Grounding by-pass
capacitors by pigtail leads simply adds additional series
inductance, thus iowering the resonant frequency and the

usefulness of the by-pass capacitor.

FILTER

—-————- ) —-— — —
AR [
'y | 12 RECEI VER

2y HIGH IMPEDANCE

FROM POOR BOND

- - —— — - — l

NOTE. DOTTED ARROWS DENOTE PATH

OF INTERFERENCE CURRENTS IN1212~256

Figure 3-68.

Effect of a Poor RF Ground Bond on Filter Effectiveness
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b. Chassis Mounting. In general, any of the following five methods

can be employed to mount filters on a chassis:
1) Tabs on the filter body
2) Screws or bolts on the filter body
3) A flange on the filter body
L) A clamp on the filter body
5) A feed-through stud for bulkhead mounting

Figure 3-69 is representative of filter mounting techniques. A typical
filter installation is -shown on figure 3-70. The top figure (3-70A)
illustrates the preferred method of filter installation; one that is
integral with the interference source -- in this case, a dc motor. Fiq-
ure 3-70 also illustrates the difference between proper and improper
filter installation. In 3-70A, the bulkhead mounting principis is used,
and the filter's input and output circuits are completely isotated. Fig-
ure 3-70B shows how direct input-output coupling can reduce chu affectiver
of the filter, particularly when extremely high magnetic fields exist
within ihe shielded area. This results in interferencs being coupled

to all leads entering or leaving the area. Often, filters fail to per-
form because of improper installation. Poor installation can resuii from
improper lead routing (fig. 3-71). In this figure, two incorrect methods
of mounting a filter, both ineffective at high frequencies, are illustrate
In figure 3-71A, the input and output leads are physically crossed, com-
pletely nullifying the effectiveness of the filter. In figure 3-718,
isolation between input and output clircuits is not compiete due to lack
of shielding on the leads -- although there is the advantage of ease of
assembiy and some isolation up to about 5 mc. The insertion loss drops
rapidly because of ‘he coupling of energy across the filter, regardless
of the insertion loss originally dasigned into the filter. Proper in-
stallation of power line filters is shown on figure 3-72B. One method
of achieving designed insertion loss is to shield either the input or
output lead, or both. To be reslly effective, shielded wire must be
continuous from the interference source to the filter and/or from the
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Figure 3-69. Typical Filter Mounting Techniques

3-119




WELD OR
SOLDER

‘I SOLATION BULKHEAD

FILTER

WELD OR
SOLDER

WELD OR
SOLOER

WELD OR
SOLDER

WELD OR
SOLDER

MOTOR

A. PREFERRED INSTALLATION

Y UNDESIRED COUPLING PATH

» |

MOTOR

“:l\‘

FILTER

:'/C

8. NOT RECOMMENDED IN1212-258

Figure 3-70. Filter Installation
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filter to the point of exit from the radiation area. The best way

to effect a satisfactory filter installation is to specify feed-
through or bulkhead mounting wherever feasible and to employ
circumfere.itial grounding of the filter-case to the bulkhead. Typical
examples of these types of filtar mountings ar? illustrated on

figure 3-73. Figure 3-74 shows a feed-through capacitor installation
in conjunction with shields. Feed-through capacitors, because of
their superior characteristics, are recommended even when mounting

in a shield is not feasible. Spot-facing of areas around filter
mounting bolts is one reliable technique for obtaining an adequate
bond. A far more permanent and better bond can be achieved by making
the filter housing integral with the housing of the interference gen-
erator. The same bonding requircments apply when filters must be

mounted on the susceptible unit rather than on the source.

3-12. Capacitor Selection
. a. _General
(1) The simplest and most common type of interference reduction
network is a single capacitor used to shunt high-frequency
interfe:ing signals to ground. Such capacitors are widely

employed in the power supply lines of electrical and electronic

equipment, and may be used on both ac and dc leads. The
optimum bypass capucitor is selected on the basis of its
impedance-versus-frequency characteristic. The series
resonant frequency of the optimum bypass capacitor should
be approximately in the center of the interference fre-
quercy band to ensure that the bypass capacitor will have
the lowest net ‘mpedance during operation of the circuit.

(2) The simple equi :alent circuit for a fixed capacitor
is a series RLC network, where R is due to dielectric
losses and L is usually due to the inductance of
the leads. Because lead inductance in a capacitor
is a significant factor, it Is possible to select
a value of capacitance to create a series resonant
circuit at the interference frequency. For a
series resonant circult, the net impedance includes
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Figure 3-73. Typical Method for Mounting Filter Case
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FABRICATED CAPACITOR " LaAP
)
MOUNTING PLATE |

oniy the series ioss resistance of the capacitor. With
common mica or ceramic dielectric capacitors, the dissipation
factcr is very low. Thus, the equivalent series resistance

is very small.

CAP
FEED SOLDER SHIELDING
TO FIRRULE

THROUGH
CAPACITOR

- 1
SHIELDED WIRE
| G w 4 y
TOOTH-TYPE SOLDER CAP FERRULE
LOCKWASHERS
TO BASE
BASE IN1212-262

(3)

Figure 3-74. Feed-Through Capacitor Shield Assembly

Consider the lead inductance and its effect upon the choice
of capacitor velues. The inductance of a straight piece
of copper wire is conputed as:

Inductance = 0.00SL [ 2.3 log]0 (%% - 0.75) ] ph  (3-41)

where: L = wire length in inches
D =~ wire diameter in inches

The inductance of various lengths of AWG Nc. 12, 18, and
24 wire was calculated and the results plotted on figure
3-75. The reactance versus frequency curves for various

values of lossless L and C elements is shcwn on figure 3-76.
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Figure 3-76. Reactance versus Frequency for Various Lossless
L and C Elements
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()

(5)

(6)

The following examples show the significance of figures

3-75 and 3-76. Assume that a 0.44-inch length of No. 24
wire for each lead is acceptable. Since each lead has an
inductance of 0.01 uh, the total series L in the equivalent
circuit is 0.02 ph. Assume, also, that the optimum bypass
capacitors for 25, 49, and 110 mc circuits are desired. For
the stated L value, the optimum C values are 2000, 500, and
10C uuf, respectively, for the three frequencies, -~ shown
on figure 3-76. Net impedance curves (assuming a zero
dissipation factcr) for each optimum capacitor are shown

as dotted lines on figure 3-76.

Consider the result of using too largz a value of C. Assume
that a 2000-puf capacitor is incorrectly specified for a

bypass capacitor in a 110-mc circuit. For the same total

lead inductance, it is known from the previous example that

this 2000-uuf capacitor has an inductive reactance of approxi-
mately 3.2 ohms at 25 mc and a reactance of 14.5 ohms at 110 mc.
The optimum value for this 110-mc case is actually a 100-puf
capacitor (fig. 3-76). This capacitor produces a net impedance
of | ohm or less at frequencies from 107 to 115 mc, and a

net impedance of 10 ohms or less rrom 80 to 155 mc.

To measure the approximate value of fo’ the series resonant
frequency, connect the capacitor leads together (using the
same lead length as required Iin the circuit) and couple this
one-turn loop into a grid-dip meter. The resultant fo will
not be exactly the series resonant frequency for the same
capacitor when sdldered in a circuit because the I. of & small
one-turn loop is not the same as the L of two small straight
lengths of wire, but this measured value of fo is usually
within 10 per=cent of the true value.
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(7) The effectiveness of a capacitor as an interference re-
duction component may be measured in terms of its insertion
loss. This loss, as an index of effectiveness for capacitors,
may ba expressed as the ratio of the interference voltage
before and after insertion of the capacitor. Insertion
loss data yields a qualitative measure of the interference
reduction that may be effected at a load by the application

of a particular capacitor.

b. Lead-Type Capacitors.

(1) The impedance of an ideal capacitor follows the relation-
ship: xc = i% . As previously stated, a practical capacitor
possesses inductance and resistance in series with its
capacitance. The inductance consists of the inductance
inhe,ent in the capacitor itself and the inductance of the
capacitor leads. To reduce the internal inductance, ncn-
inductive capacitors are constructed by winding two layers
of aluminum foil, separated by a dielectric material such
as kraft paper or mylar, into a cylindrical roll (fig. 3-77).
One foil projects beyond the dielectric on each end. The
ends are then swaged by pressing agaiist a wheel that re-
volves through a reservior of molten aluminum. This action
effectively bonds every turn of e. h foil together, re-
sulting in very low inductance between the windings. When
XL - Xc. the capecitor becomes a series resonant circuit
with very usable rf charecteristics. At the resonance point,
the impedance is a minimum and the insertion loss is at
its maximum. Abcve the resonant frequency, wlL predominates,
and the capacitor ceases to be an effective by-pass element.

(2) For the circuit of figure 3-77, the resonant frequency is
given by the expression fr = Exitf" where L is in henries
and C is in farads. The resonant frequency increases as
the total inductance decreases (the smaller the total induc-
tance, the higher the resonant frequency and the greater
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the useful frequency range). For a given capacitor,

the internal inductance is fixed, but the external induc-

tance is a functiun of lead length, as shown by equation

3-4l.

‘/r————LlNE TO BE BY-PASSED

SOLDER CONNECTION
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E
{
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N

'
~
g

//h
HOT FullL

HOUSING =
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? CAPACITOR
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J
4
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IN1212-2660

Figure 3-77. Typical Bypass Capacitor Construction with

Equivalent Circuit
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(3) varying the lead length of a capacitor and, consequently,
its inductance, offers some degree of control in shift-
ing its resonant frequency. Figures 3-78 through 3-8l
provide a series of design curves relating lead lencth
to resonant frequency for several types of commercially
available capacitors. The paper tubular type is not
acceptable for rfi suppression use. The flexibility
of capacitor values using lead length as the variatle
parameter is easily demonstrated: Suppose the require-
ment is a by-pass capacitor application at a frequency
of 2 mc. Using paper tubular capacitors, whose .sonant
frequency characterisitics are given in figure 3-78, the

following choices are available:
1) 0.5 uf with 0.15-inch leads
2) 0.25 uf with C.5-inch leads
3) 0.1 uf with 1.5-inch leads
L) 0.05 uf with 2.6-inch leads

From these design curves, and from figure 3-82 it may be
seen that:

1) The lead-type capacitor, near resonance, is somewhat
superior to the ideal cepacitor of similar value
which by-passes without resonance by capacitive
reactance alone

2) Twenty percent beyond the resonant frequency, the
lead-type capacitor is ineffective as an interference
reduction component

3) Even by decreasing the external lead length as much
as reasonably possible, the lead-type cepacitor has
a frequency limit imposed on it by its internal in-

ductance
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The resonant frequencies are only relative since they vary
with the geometry and construction of the component. In
practice, the resonant frequency is checked vith a grid-
dip meter. The ceiramic standoff, or stud-type capacitor,
represents an effort to reduce the inductance and raise
the resonant frequercy. |t is still basically a lead

type unit, with one relatively long pigtail lead re-
placed by a short, thick stud terminal having a minimum
of inductance. Although this terminal improves insertion-
loss characteristics, the resonant frequency of the stud-
type capacitor is still only slightly higher than that of
a conventional lead-type capacitor that has a short leac

comparable to the length of the stud.

€. Feed-Through Capacitors.

(1)

(@)

In those cases where interference suppression requires
broadband characteristics that the ordinary capacitor
does not provide, two components may pe used; these are
the feed-through capacitor and the low-pass filter. A
typical feed-through capacitor is shown cn figure 3-83.
It features reduced internal inductance and freedom from
the axternal inductance that is common to all lead-type
capacitors. The feed-through capacitor may be considered
as & four-terminal network, similar to a section of coaxial
line. The input and output terminals are connected; and
capacitance exists between both of these terminals and
the case of the capacitor.

To maintain the highest possible resonant frequency, it
is essential that ~onnections within the capacitor be as
short as possible. Thus, a good feed-through capacitor
has soldered internal connections so that internal in-
ductance and resistance are at their absolute minimum.
In addition, the feed-through principle acts to cancel
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out any induced fields resulting from current flow in
the foil itself. At present, feed-through capacitors

that resonate above 1000 mc can be produced.

HOUSING\

GROUNO FOILS

SOLDER CONNECTION
TO FEED-THROUGH BUS

FEED-THROUGH BUS

TITHI T T LTI T

LINE TO BE
BY-PASSED

_‘ALL EXTENDeD FOILS
SOLDERED TOGETHER

]
HOT' FOILS—"

/

SOLDER CONNECTION
TO HOUSING

EQUIVALENT CIRCUIT

I
L

Figure 3-83. Typical Feed-Through Capacitor Construction
and Equivalent Circuit

IN1212-272

(3) The attenuation characteristic of a feed-through capacitor
is simliar to that of any low-pass filter with the exception
that much more capacitance is required to obtain a given
insertion loss at the cutoff frequency. To realize the
fullest advantage of the feed-through capacitor as a fil-
ter, it is most important that it be mounted so that the
input is completely shielded from the output. Bulkhead
mounting is one method commonly employed. The insertion
loss will then very closely fol ow the characteristic of

an ideal capacitor. When the {:ed-throvgh capacitor is
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inserted into a matched 50-ohm line, the insertion loss

can be computed as follows:

lowc 2
insertion loss in db = q@ = 10 Iog]o 1 + 2

= 20 ]oglo (50nfC) fC > approx 1/15 (3-42)
= 44 db + 20 log.q (fc)

This equation is valid when the insertion loss is significar '
greater than zero. Typical curves of insertion loss, based

on a 50-ohm line for various size feed-through capacitors,

are shown on figure 3-84. Figure 3-82 is a curve of in-
sertion loss of a feed-through capacitor compared to an

ideal cape itor and a lead-type capacitor for a 50-ohm

system. The required capacitance value to yield a given
insertion loss at a given frequency can be read directly

from the curves of figure 3-84. Alternately, it may be
computed from the following equation:

C = I/f Antilog, %—‘i“ (3-43)

where: C = capacitance in uf (for a 50-ohm system)
f = frequency in mc
a = insertion loss in db

If the frequency of interest falls within the range where
the characteristic departs from that of the ideal capacitor,
a safety factor of about 10 db should be added to the re-
quired a. This also applies in the application of the
curves of figure 3-84, which are based on ideal character-

istics.
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(k) Selection of the optimum feed-through capacitance value usuall
necessitates a compromise between a capacitance sufficiently
large to provide good insertion loss at the frequency of
concern, yet not so large as to cause apprecianle loading
at 60 cps or at other power frequencies. Applying capacitanc
across switches necessitates care, as capacity in excess
of 0.01 uf may cause excessive metal transfer or burning
and sticking of the contacts. While the specific application
Wwili determine the choice of capacitor, for most design
purposes, the range of capacitance values is from 0.01 to
2 uf. In most applications, unless the circuit contains
high levels of interference voltages at low frequencies, a
feed-through capacitor may be used instead of a Filter net

work to provide the necessary by-passing effectiveness.

(5) Feed-through capacitors must carry all the line current
through their center conductor. They must, therefore, be
rated in terms of current-carrying capacity as well as
capacitance and voltage. New low-voltage, high-capacity,
small-sized, feed-through electrolytic capacitors provide
effective reduction of interference from audio through uhf
frequencies. Their insertion-loss characteristics are simila
to those of comparably-rated paper feed-through capacitors,
though their physical size is much smaller.

3-13. Inductors

inductors are often used for interference reduction design applica«:
di
dt
motive force opposes any variation or interruption of the applied cur-

The voltage across an inductor is =L ; that is, the induced electro-
rent. When inductors are used as interference reduction devices, they
must be capable of passing the operating current without excessive
heating and without causing effects upon, or being affected by, near-
by electric or magnetic fields. They must also preserve their elec-

trical properties over as wide a frequency range as possible.
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a. Coils. Figure 3-85 shows some typical coil configurations. The
windings may be either solenoid (cyl!indrical) as in fig. 3-85 A, 8, C,
D, E, or toroid (circular) as in F and G. The cores may be air, powdered
iron, ferrite, or molybdenum permalloy. The reactance of a pure in-
ductor increases directly with frequency and with the value of the in-
ductor. Because of the increase of inductive reactance with an increase
in frequency, a series-connected inductance acts similarly to a low-pass
filter, and a parallel-connected inductance acts similarly to a high-
pass filter. At low frequencies, the value of the inductance must be
larger than it would need be to give the same impedance at a higher fre-

quency. The followirgfare coil characteristics:
1) Inductance
2) Permeability
3) Q= X/Re

4) Resistance, R_ = R, + field loss
E dc

5) Heat rise

6) Field losses

7) Coupling within the inductive field
8) Saturation (excessive flux density)
9) Distributed capacitance

Figure 3-86 shows the equivalent circuit of an inductance coil! in whichs
L = inductance, C = distributed capacitance, RE = winding resistance,

and R = shunting effect of the losses in the surrounding medium. Be-
cause of the way that coils are wound, there is some distributed capacity
between windings. This capacity has an important effect upon the action
of the coil at high frequencies. At a frequency determined by its in-
ductance and distributed capacity, the coil becomes a parallel resonant
circuit. At frequencies below this resonance, the coil is predominently
inductive; at frequencies above resonance, the coil is predominantly
capacitive. The distributed capacity of a coil constitutes the limit-

ing factor on the values of inductance that may be used in filters.
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Figure 3-85: Typical Coil Configurations
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Figure 3-86. Equivalent Circuit of an Inductance Coil

If an attempt is made to use too large an inductance, the distributed
capacity may cause the coil to resonate at too low a frequency. The
distributed capacity of coils may be reduced by winding the coil in
several sections so that the distributed capacities of the various
sections are in series with each other. Thus, where high insertion
loss is desired at low frequencies, the use of small inductances
with additional filter sections is frequently a better solution than
the use of a single-section filter. The distributed capacity of a
single-~layer coil can be found by the use of the nomograph of figure
3-87 once the the dismeter of the coil (d), the dismeter of the wire
used (a), and the distance between centers of adjacent turns (s) are
known.

b. JToroids. When greater Inductence is required In a given space
then is obtainable with an air core, a magnetic core material is used.
When magnetic core materials are used in filters, the insertion loss
of the filter must be specified as the insertion loss under load be-
cause magnetic core materials without external air gaps tend to saturate
when used in dc clrcuits drawing large amounts of current. In such
a cese, the Insertion loss changes appreciably. The use of non-
saturable materials for the inductance core is recommended. Often,
inductance core material s specified which, under no load, gives
good insartion-loss charactaristics, but under full load saturates,
causing lowered Inductance and reduced insertion loss. The effect
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Figure 3-87. Nomograph for Determining the Distributed Capacitance
of Single-Layer Colls
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of saturation or the inductance is evident from the inductance equation
of a toroid: For a single-layer toroid of rectangular cross-section,
with or without intrinsic air gap, but without external air gap (fig.
3-88) :

i rz
L = 0.00508 N° bud In == (3-44)
1

For a single-layer toroid of round cross section (fig. 3-89):

L = 0.0319N2ud (rm '1/‘”m2 - bz/la (3-45)

inductance, ir uh

where: L
b = core width, in inches

= average incremental! permeability

r, = inside radius, in inches

r, = outside radius, in inches

r = mean radius, in inches

total number of turns

=z
]

In both cases (round and rectangular cross section), the inductance
is directly proportional to the avarage incrementa. permeability. The
permeability is a function of thc magnetization which varies as:

NI NI
= 3x N (| (3-46)

where: H = magnetization, in ampere-turns per inch
| = dc current, in amperes

Figure 3-90 shows the variation of incremental permeapility with
magnetization for different materials. The ferrites have the high-
est initial permeability, but they reach saturation very quickly.
Also, they have the lowest losses at 200 kc, but their losses in-
crease very rapidly with increasing frequency. Molypermalloys do
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Figure 3-88. Toroid of Rectangular Cross-Section
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Figure 3-89. Toroid of Round Cross-Section

not have very high initial permeabilities; however, they do not salurate
easily and their losses at high frequencies are low. The molypermalloys
at the present time appear to be the best compromise available for those
cases where high indu.tances are needed with low losses at the high fre-
quencies. It should also be determined that temperature changes that
may be encountered do not change the core inductance sufficiently to
modify the filter's characteristics.

3-14. Faraday Shields in Low-Level Transformer Design

8. General. Low-level transformers are often subject to inter-
ference vwoitages. The cause of these voltages could be stray magnetic
fields, common-mode signals, or machine-made disturbances. An under-
stariding by the design engineer of shielding techniques as used in the

construction of low-level input transformers, chopper input transformer:
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power supply transformers, and isolation transformers is helpful in
minimizing interference. Typical applications «f these shielding

techniques will aid the engineer in the design of suitable units.

b. Methods of Shielding. The interference effects upon a trans-

former from stray external magnetic fields are attenuated by magnetic
shielded enclosures, such as Mu-metal shield-cans. As many as three
Mu-metal shield-cans are used when high flux densities are encounterec
The cans are nested together, and c heavy copper interleaf is used
between them, resulting in attenuation of the order of 100 db. An
additional LS db of attenuation is obtainable when the transformer
vindings are wound in a hum-bucking configuration. These values of
attenuation are dependent upon the transformer's orientation with
respect to the magnetic field. The Faraday shield is employe when-
ever a high level of isolation between windings is required. The
isolation is accomplished by enciosing the windings in Gne or more
Faraday shields. The Faraday shield consists of a grounded arca

of metal that is placed between the source of the field and the
winding to be shielded. The ground maintains the shield at a constan.
potential, thus preventing the field lines from reaching the winding.
The impedance of the shield itself and its ground-lead should be

as low as possible to ensure that the entire shield becomes a true
equipotential surface. |f the shield is to be used where magnetic
field shielding and eddy-cuirent losses must be avoided (as in
shielding between the primary .nd secondary of a transformer), it
should either be placed parallel to the magnetic lines of force and
provide no shorted-turn effect, or be subdivided to break up the
eddy~-current paths. A subdivided shield is made by weaving a cloth
of wires in one direction and threads in the other; all the wires

are then connectrd toagether and grounded at one end. These shields
are commercially avaiiable. Their use prevents the ecoupling of
residual currents from primary ro secondary and also provides a

high impedance from the se ondary ioad back to the line.
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L.

Leakage Capacitance.

M

(2)

The high level of isolation obtained with a Farada- shield
is provided by the equivalent coupling capacitance, which
may be less than 0.03 pf between windings. This low-leak-
age coupling value gives rise to a common-mode signal re-
jection in excess of 130 db when the undesired interference
is at a frequency less than 400 cps. The equivalent capaci-
tance is determined by the equation:

EZ/R

= 2n fE,

¢ (farads) (3-47)

where: C = equivalent capacitance in farads

R = resistance in ohms

-
[

frequency (cps)

m
[ ]

input voltage (volts)

output voltage (volts)

m
[
[ ]

A test circuit for measuring these values is shown on figure
3-91. The achievement of a low-coupling capacitance value
between windings depends upon one imporitant corstruction
feature: shielded leads must run directly into the trans-
former windings. Terminal pins are not used because the
capacitances between a terminal ~in and a transformer

case alone can be as high ar . « On installiation, shields
should be grounded with a low-mpedance bond. |f the
shields are grounded to the frame of the transformer, the
contact surface of the transformer base and chassis must

be electrically clean.

On figure 3-92 a standard transformer with one Faraday
shield is shown; CI and c2 represent the leakage capaci-
tance. In this case, the equivalent capacitance can be

as high as 100 pf at 60 cps, representing an impedance
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Figure 3-91. Test Circuit for Measuring Leakage Between Prin. -y
and Secondary in a Box-Shielded Transformer
of 26.6 megohms. Thus, a current of 4.33 pa will flow
through the one-megohm load, producing a noise voltage
of 4.33 volts. By comparison, a Faraday box-shieldec
transformer and its equivalent leakage capacitance of only
0.03 pf produce a leakage impedance of 8.8L x |0lo ohms.
Only 1.3 mv of noise voltage appears across the ‘cad. A
double Faraday box-shield around the secondary of a power
transtormer is often necessary when a floating dc supply
is desired. As shown on figure 3-93, the isolation im-
pedance from the output of the rectifier bridge to ground
is represented by R. The capacitance (C3 and C4) from
the winding to the shield shunts this value of R and
reduces the isolation impedance. The use of a guard
shield (fig. 3-94) makes the shunting effect negligible.
Connecting the guard shield to the center-tap of the
winding assures that there will be no significant po-
tential difference between the guard shield and the outer
shield. The shunting impedance is essentially infinite:
current does not flow batween the guard shield and the
outer shield, and the capacitance is confined to the

secondary winding.
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Standard Transformer with One Faraday Shield

115v, 60 CPS
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Figure 3-92.
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d. Low-tevel Input Transformers. In low-level systems, the amp-
litudes of common-mode interference signals often exceed the signal

voltages being measured. Common-mode rejection, therefore, becomes
vital. The Faraday box-shielded transformer, when properly connected,
offers the greatest amount of common-mode rejection. A guard shield
can also be used in conjunction with an input transformer. The guard
shield is installed in the primary side, rather thar, in the secondary
as in the case of the power transformer. Usually, the guard shield

is connected to the winding center tap, whiie the outer shield is re-
turned to the low side of the source. Various schemes have been em-
ployed by electronic design engineers for terminating these shields.
One method commonly used is that of driving the shields at a volt-

age potential above ground.

e. Chopper Input Transformers. The requirements of chopper input

transformers are similar to those for low-level input transformers;
complete isolation between windings, a high order of common-mode

rejection, and rejection of strey magnetic fields.

f. Jlsolation Transformers. Faraday box-shielded isolation trans-

formers have valuable application on power lines where motors, relays,
and other devices are in operation, and are producing interfercnce
signals common to each line. These signals can usually be controlled,
or greatly diminished, by the use of these isoiation transformers.
When it becomes necessary to isolate several instruments from each
other within different parts of a circuit, a separate isolation trans-

formar can be used for each instrument.
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Section I1l. POWER SUPPLIES
3-15. General

Power supplies are essential components of most electronic equipment.
Interference from power supplies can occur in two ways (fig. 3-95):
Interference may be generated within the power supply and transferred
to other circuits, or interference may be generzted in one circuit or
piece of equipment and transferred through the power supply to other
circuits or pieces of equipment. The ideal power supply does not gen-
erate interference or serve as an interference transfer medium for other
circuits. To achieve such a power supply, completely interference-free
circuits would have to be used, and every input and output line would
have to be decoupled and shielded from all external electric and magnetic
fields. When it is impractical tc design such an ideal power supply,
other interference control measures should be used. These include filter-
ing, shielding, circuit planning, and selection of components. The
guidelines presented in this section should be adapted to the particular
power supply being designed. |If it is impossible to use separate power
supplies, well regulated supplies are useful. The regulation causes
very low common impedance coupling between circuits, which will substantia-

11y reduce this mode of interference transfer.
3-16. Circuit Planning

a. When a common power supply is used for several circuits, it pre-
sents a special compatibility problem: circuits using a common power
supply must be compatible with each other. For example, if a particular
piece of equipment uses high-power relays in association with low-power
digital-information circuits, an interference-reduction problem exists
if only a single power supply is used. The relay circuitry, because of
its inherent high-interferei.ce level and sudden voltage-cur-ent demands,
will completely immobilize the low-power digital circuits with their
stable voltage-current requirements. Interference generated in the relay
circuits can very easily be transferred through the powe- supply into the
digital circuitry. One solution is to design separate power supplies for
both the high-power relays and the sensititve digital circuitry. In this
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way, both circuits can be compleraly isolated, and the mutual coupling

problem eliminated.

MUTUAL INTERFERENCE
COUPLING PATHS
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RF}|
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EQUI PMENTA
B

Figure 3-95. Mutual Interferance Coupling
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D. When a common power supply must serve many circuits, certain
interference suppression techniques should be incorporated. The power
supply should isolate each of the circuits, and interference sources
lccated in each circuit should be decoupled and isolated from other
circuits. The circults should be decoupled and isolated in accordance
with their individual power requirements, electrical characteristics,
frequency and spectrum characteristics, and function. Circuits that
produce high-interference levels should be isolated from sensitive
circuits. Conducted interference, originating within one piece of
equipment, should be prevented from being transferred through the power
supply into common povier lines and into other pieces of equipment. As
shown on figure 3-95, a power supply can provide mutual interference
coupling paths between all the equipment that it serves. Interference
of this type car be controlled by the proper use of interference filters
in the offending lines (fig. 3-96). When the power supply is an in-
terference source (fig. 3-96A), its lines should be filtered; this
prevents the interference from coupling to other equipment; instead, it
remains within the power supply circuitry. When the equipment is the
interference source, the equipment lines should be filtered (fig. 3-968;;
the filtering isolates the interference within the equipment and prevents
coupling to the power supply or other pieces of equipment.

&. The physical location of electronic circuits is an important design
consideration. Theoretically, ali circuits employing a common power supply
should be located as close together as practicable. This arrangement often
minimizes or eliminates interference problems before they arise: inter-
ference can be conteined within a small ares, the number of stppression
components and amount of shielding can be reduced, and long lengths of
shielded cable can be eliminated. Figure 3-97A illustrates a power supply
which is isolated from its load. The interference control measures con-
sist of two shielded cases, filter, shielded cables, and an internal case
partition. When the power supply is located close to its load (fig. 3-978),

the on'y interference control measure required is one shielded case.
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Figure 3-97. Power Supply Isolation
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3-17. Supply Circuitry

a. The components normally used in power supply circuitry, such as
rectifiers, diodes, and thyratrons, are prolific sources of interference.
Rectifier circuits generate broadband and power-frequency interference;
the broadband interference is generated during the switching process
of the rectifiers, and power freguency interference is generatcd by the
associated transformers and choke coils. Section | of this chapter gives
a detailad description of rectifier interference. Gas-tube and rf circ..
usually produce high levels of intarference in power supplies. When gas
diodes and thyratron rectifiers are used, interference arises from two
distinct effects: the steep voltage and current wave-fronts asso ‘atea
with the firing (ionization) cycle of the tube,and the plasma oscillat z-
during the discharge. The external effects of both types of interferenc
can be minimized by shielding the tube or the complete circuit and by
rf filtering. The rf filtering is used in addition to the heavy low-
frequency filtering of all leads.

b. Radio-frequency circuits comprise free-running oscillators and
sharply resonant circuits triggered by pulses. In both cases, the
oscillator output is amplified and then rectified and filtered. The
interference consists of rf energy which radiates out from the tube,
transformer, and other components, and is conducted along connecting wir
Where it is impossible to avoid the use of rf high-voltage rectifiers, t
interference must be confined to the power supply itself by proper and
adequatc shielding and filtering.
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Section IV. CONTROL CIRCUITRY
3-18. General

Zoatrol circuitry that utilizes electrical, electronic, or mechanical
switching devices can prcduce considerable amounts of broadband inter-
ference throughout the electromagnetic spectrum. Such interference is
generated during the transient (electrical)'stace immediately following
an abrupt change in a control device. Although the various types of
circuits described here all reduce generated interference, there are no
specific design procedures that can be followed which will guarartee
complete interference suppression. There are an wunlimited number of
interference reducticn circuits *"at can be used. For complicated
interference reductic~ problams, 1t is often more expedient to apply
filter networks instead of experimenting with interference reduction
circuits.

3-19. Over-All Interference Reduction in Switch Circuitry

2. Under normal operating conditions, the establishment or inter-
ruption of current flow through a switch cannot be achieved in a smooth
transition between the two steady states. Upon switch closure, final
establishment of firm contact is preceded by an interval of premature
electrical closures, or bridging, between the contacts. At the very
first instant of current flow, the circuit inductance resists any change
in current, and extremely high voltage is built up across the switch
gap at a very rapid rate. This voltage creates an electric field intense
enough to melt the contact surfaces of the switch electrodes and draw
a molten metallic bridge across the gap. This same high-field condition
arises during the initial phases of switch opening in the interval when
the contacts ere in very close proximity. In this case, numerous closures
result before final interruption of the current is achieved. In addition,
when a switch is opened 0 an inductive circuit,the transient voltaye
appearing across the switch gap may be sufficient co cause arcing and a
gasecus discharge, referred to as glow discharge, or sawteath.
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b. Switch~generatrd ‘nterfirence . releiezd (0 three cawtes. High-
vcltage gaseous discharges (sawta.'t), laow-ve'tage, hict-field Lrvakdowns
(bridging}; and current changes bets :en the rwo st2ady-s .te values. Th
high-voltage sawteeth, when present, nrouuce more interferar~. Lien al}
other caises combined thrcurhout the entire frequency range {:om 15 k.
to 1000 nic. There is a broad peax in the spectral distributior of
interference caused by these sawteeth that occurs in the regicn ol &
few megacycles for common values of cirzuit parameters. The bridging
has 3 negligible effect at the lowest frequencies, but increases in
relative importance with frequency until, ar I1N00 mc, it is nearly as
great a sour e of interference as the sawteetn. The change of current
between the two steady-state values yields its greatest contribution to

interference at the low-frequency end of the spectrum (fig. 3-98).

. in reducing interference, first consideration shouid be given to
elimination of high~vo!tage sawteceth because of the great amplitude and
wide spectral distribution of the interfererce associated with these
discharges. This is accomplished by employing an interference reductio
device that prevents the voltage across the switch gap from exceeding tk
value required to initiate a glow discharge (approximately 300 volis).
To eliminate the formation of bridges, it is necessary to prevent the
electric field between the contacts from exceeding a critical value

6 volts-per-inch for untreated contacts). Bridge

(aporoximately 5 x 10
elimination may be accompl’'shud upon switch opening by mechanically
increasing the speed of seperation of the contacts, and by electrically
decrzasing the rate of build-up of the potential across the contact gay.
It is impossible to alter the changing load current hetween ihe twc
steady-state vaiues without affecting normal operation of the circuit;
however, interference may be e«ffectively contained in the regions of the
switch and load side of the circuit by inserting filters in the externa

power supply leads. A good interference reduction circuit should:

1) Retard the build-up of voltage across the gap during the init
period of contact separation to minimize bridging reciosures
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2) Limit the peak voltage across the switch gap, upon opening, to

eliminate gaseous discharges

3) Limit the surge of current through the switch,upon opening or
closing,to minimize sharp wave-front transients

d. In designing an interference reduction circuit, two steps should
be follouwed: selection of the circuit and determination of the values of
the components in the selected circuit. In circuit selection, it is
usually necessary to make a trade-off between interference reduction and
other considerations, such as the allowable decay time of the load curren:
ease of installation of the interference reduction circuit, physical size
of the interference reduction components, and adaptability to the power
supply. The circuit that gives the greatest interference reduction, a
resistor in series with the switch and a capacitor in shunt with the swiir
resistor unit, will extend the decay time of the load current upon switch
opening. The capacitor often becomes physically large when the energy
stored in the inductive field of the load is great. The rectifier-bias-
battery circuit, which has a very small decay time, gives poor interfere- -
reduction because it cannot reduce bridging. The load-shunt diode circui

as shown on figure 3-99, changes the circuit decay time.

?b SWI TOH
R
+
e

£ = LOAD-SHUNT %= ¥+

— DIODE -
% L

INL212-62

Figure 3-99. DC Switching I-terfarence Reduction By Load-Shun: Divde
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8. After selection of the interference-reduction circuit to be used,
component values must be sel..ted, based on a knowledge of the supply
vol tage, load current, load inductance, and frequency of switching. For “--'
example, for a capacitor placed across the switch, the value of the
capacitance is determined by the current value and the load inductance --
supply voltage and frequency of switching not being important factors.
It is necessary that such a capacitor be able to store temporarily all
of the energy previously contained in the load inductance without the
voltage across the capacitor exceeding the glow discharge value of approx-
imately 300 volts (€>L(1/300)%). In the load-shunt diode circuit of
figure 3-99, the voltage at which the knee in the reverse characteristic
occurs must exceed that of the supply. The diode need dissipate only a
fraction of the total energy stored in the load, as most of it is dissipated
within the load resistance itself. For rectifier applications, a con-
servative selection of the diode requires an average current rating equal
tce the load current to be interrupted. In applications of low-duty cycle,
the diode may be up-rated by a sizeable factor. In ac applications, when
back-to-back diodes are used, most of the stored energy is dissipated in
the reverse diode. This diode, therefore, must be selected on the basis
of heating. |f the duty cycle is high, it may well be that this diode will
have (for this application) a current rating that is less than its normal

rectifier rating.
3-20. Interference Reduction Component Characteristics

a. Jlnductors. There is very little advantage in employing a single
inductor, in series or in parallel, as an interference suppressor. Placing
an additional inductor in seriec with a circuit is undesirable because it
serves only :0 increase the inductively stored energy that must be accommo-
dated upon opening of the switch. Shunting of any of the three basic circuit
elements by an inductor Is also useless in reducing the severity of the
disturbance that takes place within the switch gap upon opening of the circuit.
Placement of the inductor across the switch prevents normal operation of the
circuit because it beconies impossible to reduce the load current to zero.

Placement of the inductor in parallel with the load serves only to increase
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the inductively stored energy and, consequently, the current which the

switch must interrupt. Placement of the coil in parallel with the source
causes excessive current to be drawn from the supply (depending on the re
sistance of the inductor) and does not affect the nature of the phenomena
that occur within the gap. An inductor can, however, be used in conjunct

with other components in forming an interferance-reduction circuit.

b. Capaci tors. Retardation of gap voltage build-up upon opening of
switch may be achieved by connecting a capacitor across the switch or ac.
the load. By choosing a sufficiently large capacitance, the rate of swit
voltage build-up may be reduced to any desired value. Such a capacitor
however, may present serious difficulties with regard to the other re-
quirements (table 3-5). Limitation of peak voltage to a value that will
not cause gaseous discharge requires that the capacitance be sufficiently
large to accommodate all of the energy which, prior to the switch openir.
was stored in the inductive field of the load. With loads having iarge
inductances and large operating currents, the required value of capacita.
may be far too large for practical application. The third requirement ci
table 3-5 is not satisried with either positioning of the capacitor. C'¢
of the switch results in a very large discha-rge or charging current, witr
the consequence that contact erosion is very rapid. In addition, if the
capacitor is placed across the load, this very large peak of current must
flrw through the supply wires and may be a source of interference to adja
circuits. With the capacitor placed across the switch, this surge of cur
is confined to the small loop consisting cf switch and capacitor only. T
interference from the supply wires is reduced, but contact erosion is sev

E. Resistors. Some reduction of intarference may be accomplished Ly
placing a linear resistance across either the load or the switch. In pre
there is a lower limit to the value that this resistance may have for bot
these positions. With the resistor shunted across the switch, a lower 1i
Is placed on the load current since opening the switch will no longer red
the current to zero. On the other hand, this resistor, when placed acros
load, becomes an additional wasteful load that the source must supply whe
ever the switch is closed. The gap voltage is also the paak value of the
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TABLE 3-5.

COMFARISON OF INTERFERENCE REDUCTION COMPONENTS

Regurements

3-165

| 2
Retard Limit Minimize
. Build-up Peak of Sharp Wave
Components Placement of Gap Gap Front
voltage Vo'tage Jransients
voand G AL |4
Capacitor -
Switsh G A” P
Linear i.oad P A” A
resistor Switch P Ad G
b
Semiconductor Load P G A
diode Switch® P G
Load P G Ab
Back-to-Back
diodes Switch® P G A
Capacitor Load Capacitor is superfluous
and diode
e Swi tch G AS G
Series R T TTTVVV T d c
shunt € | A A G
R
Coupled —" } p Gd A
secondary % ?_ >
Diode and Load P 6 AP
battery
S =D Switch p 6 ¢
Composite t/ e 6 A
Circuit
T %
Composite
Circult t]f;g;r*[izt::j;:::];!> G 6 G
A
G = Good A = Intermediate P = Poor
a = Diode must have knee at voltage greater than that of supply
b = Determined by irherent shunt capacitance of diode
c = Capacitance must be sufficiently large
d = Resistarce must be sufficiently small



potential that appears across the opening switch. To avoid gaseous
discharges, this voltage should not exceed a value of 300 volts. |If
placed across the switch, the gap volitage is equal to the product of
the resistance and the interrupted current. When placed across the
ioad, the gap voltage is equal to the sum of the supply voltage and

the product of the interrupted current and the suppressor resistance.
Thus, an upper limit is imposed on the allowable range of values for
the resistance. Placing the resistor across the switch will have less
of an adverse effect because no surge of current can occur upon clo-
sure of the switch. Instead, the current through the source, switch,
and load builds up exponentially because of the load inductance. Witnh
the resistor across the load, thes zource and switch current immediately
assume the value drawn by this resistor from the source. While this
current may be large and may begin to flow abruptly upon switch closui .
it is less severe than the large impulse of current that will flow if

a capacitor is substituted for the resistor across the load. Vhen a
resistor is placed across a switch in series with an inductive load,

it is possible to generate a strong sawtooth voltage. |f there is

feedback anywhere in the circuit, sustained interterence may resu:t.

d. Diodes and Varistors. Devices with noniinear resistance-voltage
characteristics, such as diodes and varistors, are useful ccmponents for
interference-reduction. A diode has low forward resistance ard high
reverse resistance. C(Consequently, it may be used to present either a
short-circuit or an almost infinite impedance, depending upon the
direction of current flow. A varistor conducts well at high voltage
but not at low voltage. It is a nonlinear resistance which is very high
at low voltage, but drops to a very low value at hiah voltage. The
function of either a diode or a varistor in an interference reduction
application is to provide an alternate shunt path for the induced current
that presents a lower resistance than the contact gap.

(1) 0C Circuits. An effective interference reduction element is
the diode shown on figure 3-99. The diode is inserted in the
circuit so that its polarity opposes that of the impressed
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(2)

voltage. The 12R_ loss (RD is the resistance of the diode)

through the shuntoci:cuit is small. For maximum interference
reduction, the diode should be installed as close to the
offending element as possible, preferably by incorpcrating

the diode into the relay coil or solenoid unit. Including

the diode as an integral part of the load automatically

builds interference reduction into the switching circuit,
independent of the switching contacts used. |If it becomes
necessary to replace the contacts, interference reduction

is nct disturbed. |In this position, negligible current

flows through the diode under steady-state conditions, but,

when the switch is opened, the diode provides a low~resistance
circuit through which the inductive current may flow. The

peak voltage appearing across the switch is thereby limited

to the sum of the battery voltage and the forward drop of

the diode. By choosing a diode with a low forward resistance,
the forward drop of the battery can be made very small, so

that the voltage across the switch is essentially just that

of the battery. This circuit is very effective in providing

the complete e¢limination of all high-voltage, sawtooth dis-
charges; it is ineffective in retarding the gap voltage build-up.
A second method of using the diode is shown on figure 3-100.
This circuit requires that the diode possess a sharp knee in

its voltage-current curve at & voltage value that is equal to,
or somewhat greater than, the supply voltage so that the steady-
state current thrcugh the load will be essentially zerc when the
switch is open. Th~ sper location of this knee can be ot *ained
by using a suitable Zener diods.

AC Circuits. Components consisting of two similar diodes placed

back-to-back are commercia’ly available as a singie unit. No
matter how the unit is employed, the voltage-current characteristic
of such a unit is determined primarily by the reverse diode.

When placed across the load, the back-to-back unit is inferior to
the load-shunt diode interference reduction circuit in that it does
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Figure 3-100. DC Switching Interference Reduction By Switch-Shunt Diod:

not limit the overshoot in the gap voltage to as small a value,
Bridging is therefore more prevalent. Because the-unit is in-
sensitive to the polarity of the supply, it is not necessary

to check polarity when installing it in either an ac or dc
circuit. Two diodes are used, as shown on figure 3-10l. Each
diode inhibits currerit flow from the source voltage when its
polarity opposes tnhat of the source. When the contacts are
opened, one diode, depending on the polarity of the source at
the instant switching occurs, will limit the peak driving
voltage of the coil. The stored energy of the coil is dissi-
pated in the resistance of the rectifiers and in the coil [tself.

M3 o

R
#o
EcosQi ¢ BACK-TO-BACK DIODES
o
L
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Figure 3-101. .,C Switching Interference Reduction By Two Diodes
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(3) Methods of Connecting Diodes and Varistors. Several arrange-

ments of diodes and varistors for interference reduction are
i1lustrated on figure 3-102. Circuit A shows the diod: across
the load in such a way that, when the relay contact is closed,
it conducts and causes high battery drain. |t has high re-
sistance when the relay contact is open. This location is not
a good one for a diode. A varistor would be more advantageous
because it would conduct at high induced voltage with rela-
tively low battery drain at normal circuit voltages. Circuit
B results in low power consumption and minimum heating. The
low resistance is in the direction of surge current so that it
is a better arrangement than A for interfererce reduction. A
niode is more effective than a varistor in th:s position be-
cause it conducts at a lower induced voltage. The battery
drain under steady-state conditions is the same as with cir-
cuit A when using a varistor. Circuit C presents a high re-
sistance to both the supply and induced vt tages. Some power
is lost at all times when the circult is ¢ en; therefore, this
is not a satisfactory position arrangement Circuit D causes
high powsr consumption, and the circuit is never completely
open. A diode, capable of dissipating the power under re-
peated operation, allows about 20 percent of normal current to
flow at al) times. A varistor can be used here; it would re-
duce the steady-state power drain. Circuit E minimizes delay
in voltage decay for spacial purposes and can be used in both
ac and dc circuits because it blocks voltages in both direc-
tions. It is required that the knee in the diode curve be
above the normal circuit voltage. This arrangement provides
low power loss when the circuit is open; there is an increase
in power loss when it is closed. Circuit F is very useful
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because it dissipates little power under steady-state conditions,
and none when the circuit is open. It is very effective in inter-

ference reduction when the same design factors specified for cir-

cuit € are employed.

SWITOH
/ iy gfu—
K—\

R .

: A ) F

POWER .\i
SOURCE E K-) '%
L

* CAN BE USED FOR AC CIRCUITS V12126

Figure 3-102. Methods of Connecting Diodes and Varistors
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(4) Application Guideliner., When designing interfererce reduction

circuits using diodes or varistors, the following desian guide-

lines shouod be considered:

1) When using a single diode, the rectifiei current-rating
should be equal to the load current when repeated cycling

is necessary

2) For intermittent use, a rating equal to one-half of the lc~A

current is usually sufficient

3) Peak inverse-voltage ratings of silicon and germanium diodes
should exceed the supply voltagz by at least 20 percent.
For selenium diodes, a lower safety ‘actor is normally

satisfactory

L) Back-to-back diodes may be used for ac circuits. The peak

inverse~vol tage rating must exceed the supply voltage

5) When using veristors, the characteristic curve resistance
knee must be above the supply voltage, and *he heat dissi-

pating area must be designed sufficiently large

3-2l. Interference Reduction Circuits

a. Series Capacitor and Resistor. Contact erosion, arising from the
use of capacitors, can be alleviated by the addition of a series resistor

(fig. 3-103). The value of this resistance must be one of compromise.
Because the voltage that appears across the switch immediately upon open-
ing is equal to the product of this resistance and the interrupted current,
this resistance should be low. On the other hand, a large value of re-
sistance is desirable to minimize the coitact erosion upon closing. Wwhile
the IR drop does allow some bridging to occur, a sufficiently large value
of capacitance will eliminate all high-voltage sawteeth. The values of
resistance and capacitarce should be empirically chosen from the resuits
of test data to give a minimum of Interference.

b. Series Capa:itor and Nonlinear Resistance. The series capacitor
and resistor can be improved by shunting the resistor with a diode, as
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shown on figure 3-104. This action permits the achievement of the
desired low-resistance value for a switch opening and the desired
high-resistance value for switch closing. For maximum effectiveness,
it is necessary that the capacitor completely a.. -arge during the
closed interval of the switch, or bridging will cczur when the switch
is a,air opened. It is therefore necessary to meintain the linear
resistance in shunt with the diode tc assure that the initia! condi-

tion is maintained.

€. Typical Resistance-Cajacitance Circuit. A very effective

circuit, shown on figure 3-105, consists of a resistor placed in
series with the load circuit ana a capacitor in parallel with the
series combination of resistor and switch. This circuit is simile.
to the series'capacitor-resistor combination. Because the resistor
must carry the normal load current with a negligible voltage drop,
there is a practical limit to the maximum value of the resistance.
(This requirement is in addition to those imposed by the interferenc.
reduction considerations.) |In practice, this circuit is much mrrc
effective in reducing noise than the series capacitor-resistor unit.
Whatever disturbance is produced is largely confined *c the switch-
resistor-capacitor loop. This circuit not only alters the phenomena
occurring at the gap, thereby functioning as an interference reducer,

but also provides containment for the interference which is produced.

d. Special interfsrence Reduction Circuits. Special interference
reduction circuits are those that deviate from the basic circuit of

switch, supply, and load, all connected in series.

(1) Paralleleswitch circuits. A parallel-switch circuit that

employs an inductive load but exhibi:s an interference
spectrum characteristic of a resistance load i5 shown on
figure 3-106. Considering the circuit in a steady state
with the switch initally in the open position, the current
(IL) through the load inductance (L) and the source current
(IS) are identical. The voitage drop (VS) across the
switch is one~ha!f of the source voltage (V). When the
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(2)

switch closes (assuming that no bridging or bouncing of the
contacts occur), the switch vol tage (VS) drops immediately to
zero; the source current (IS) abruptly rises to a new value
equal to twice the original, as a step function; and the in-
ductance current (IL) decreases, in an exponential manner,

to zero. |f the existence of bridging is ignored, the opening
of the contacts results in the source current (which is initi-
ly zero because of the load inductance) immediately becoming
equal to the lnad current. This current then excorentially
approaches the constant operating value. The accompanying
switch voltage imediately assumes a value equal to the full
supply voltage upon opening of the switch, and then decays
exponentially to a value of one-half that of the supply. .-~i-
cycle of events is depicted graphically on figure 3-107. The
parallel=switch circuit has essentially the same interference-
producing mechanism as the more conventional series-switch
circuit with a purely resistive load. In both cases, step
functions of switch voltage and circuit currents exist, and
there is the possibility of bridging and arcing. In neither

case, however, can high-voltage gaseous discharges occur.

Coupled Coils. In a series circuit consisting of a dc source

a switch and an inductive 1oad, violent circuit readjustments,
that result in interference occur during the opening ot the
switch. The energy stored in the magnetic field of the in-
ductance tends to maintain the flow of current through the
opening switch. This readjustment may be facilitated by
providing an alternate closed path through which the col-
lapsing magnetic field can cause the current to circulate
(fig. 3-108). in such a circuit, the optimum value for the
coefficient of coupling, k, is unity. |If k has any other
value than one, there will be a primary leakage induqiance
tHat will tend to maintain the flow of current in the primary
loop when the switch is opened. |t is thit current which

should be eliminated. A transient analysis of this circuit,
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Figure 3-106. Parallel-Switch Circuit
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for all values of the time following opening of the switch,
shows the woltage across the primary winding (v,) to be given
by:

vy (t) = -(RL,/Lz)il(o')e"“‘/L

2 = RN /N 21, 0T * b2 (3-4g)

where: il(o-) = the value of the interrupted supply current.
The corresponding expression for the current in the secondary

loop is given by:

i, (0 = (7 Y2 @) e 2 )i ) (5oug)

Equation 3-48 shows that, if the factor R(NI/NZ)Z is made to
approach zero (either through the choice of secondary resistance
or of turns ratio), the voltage across. the primary winding will
approach zero; and the voltage across the switch will be that of
the supply. This circuit exhibits the characteristic of a re-
sistance load in the no high-wltage sawteeth are likely to be
present. An analysis of the behavior of this circuit, when the
switch is closed at t = 0, shows that the current in the primary

circuit is given by the following:

(t) = (WR) (1 - RURL, +RL,) o MR t/ (AL, 4R, L)) (3-50)

The current i (t) consists of an lnstantaneous rise (at t = 0)
of v/(R' + L R/Lz) or v/(n + R(N /"2) amperes, followed by an
exponential rise to a stcady-state value of V/R amperes. To
reduce the severity of the interference occompanying the closing
of the switch, the height of this rise at t = 0 should be mini-
mized. This may be accomplished by making the term R(Nllnz)2

as large as possible. This requirement, however, is in direct
opposition to the requirements for maximum interference reduction
upon opening of the switch. It should be possible, nevertheless,
to select a compromise value for this term that would make the
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opening and closing interferonce levels equal and permit a
degree of interference rediction. Another possible solution
to this conflict of requirements for the R(Nl/Nz)2 term is
to replace the resistor, R, by a diode to present a low-
resistance value to the opening transient current and high
resistance to the closing transient current. This is poss-
ible because these two transient currents flow in opposite
directions in the secondary circuit. Such an arrangement

is illustrated on figure 3-109.

e
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Figure 3-109. iInterference Reduction by Coupled
Coil with Diode
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(3) Bias Batteries. In dc inductive circuits, reduction of

arcing at contacts can be achieved by employing bias batteries,
or their equivalent, in addition .0 nonlinear resistances

or diodes. The primary advantage of these circuits is that

the diodes need dissipate but an incidental portion of the
inductively-storec energy; the diodes may therefore have lower
electirical ratings and be of smaller physical size. Six vari-
ations of this type of circuit are shown on figure 3-110. Cir-
cuits A and B are essentially the same: one employs a tapped
inductive load and the cther a load with a closely coupled
second winding. The dc source in each case also serves as

the bias battery. Circuit C employs a simple load winding,

but requires a separate bias battery. Circuit D is similar

to C, except that the tapped winding allows greater freedom

in selection of the bias voltage. Circuit E is applicable when
the uwitching occurs at a reasonably rapid and constant rate

so that the repeated transient currents through the rectifier
build up a nearly constant bias vcltage across the parallel
resistor-capacitor combination and eliminate the need for a
separate battery. Circuit F is adapted for loads that are
supplied from an ac source. The basic circuit that applies

for all values of time following the opening of the switch is
shown on figure 3-111. In this circuit, the voltage source
shown is the bias battery, and not the source that originally
energized the load; 'o represents the initial value of the
circuit current and is equal to the interrupted load current
for circuit C. For purposes of analysis, the vorward re-
sistance of the diode is assumed to be a constant, RR’ and,

when added to the load resistance, R,, is given by R. The

)
back resistance of the diode is assu;ed to be infinitely
large. The circuit for the solution of L(t), for as long as
the current continues to flow in the opposite direction to
the reference, is shown on figure 3-112. The solution for

i(t) (Fig. 3-1128) can be expressed as:

i(t) = % - 6% + lo)e-('VL)t for 0<t <t, (3-51)

3-179




\/NANUAL SWITCH /-“WAL SWITCH
N

L ]

; ) S

MANUAL SWITCH MANUAL SWITCH
-~ .
* N o (

X0

E

T .

s M

T

¢
MANUAL SWITCH =~ + MANUAL SWITCH ~a
D
(
|
R c
.
E

Figure 3-110. Interference Reduction Circuits Employing Bias Be(

3-180




+ i (¢)

i|If

IN1212-104
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where: |(t) = 0 for t; <t; and t = the time at which the cur-
rent passes through zero and the diode becomes an open circuit,
thus preventing any further current flow. The value of t, may be

obtained from:

i(e) =0=F . €+ )e /LY (3-52)
and shown to be:
L Io L 'o
tp=x In QL +g) =% In (0 + <) (3~53)

From this relation tor t. (the time required for the load currer*

to decrease to zero valu;. it can be seen that increasing the b’
voltage materially decreases this time interval (fig. 3-113).
instance, if the bias voltage is equal to th. product of the nor:
load current value and the circuit resistance -- which is usuall,
slighrly larger than the supply voltage -- the current ceases
after 0.6, time-constant. The fraction of the inductively store

energy that enters the bias battery may be determined as follows

t) t)
f E idt [ VL%_ (§ + , e-(R/Ut] Jd?
(¢] = o] 0 _
2

R

Energy to battery = -

\ 5
/72 L |° 1/2 L lo
262 2 R 2
AL | 2 RZ‘ 2 IOR RZ' 2 R I
o o] (o) °
2 I R I R ) R |
2E I-_L - in (| +-2=)] = 2 2 - n (1 o+ =
| 22 3 € | R 2 € 3
o L "
3
| R

This ratio is shown on figure 3-114, As -%— is decreased to
zero (accomplished by increasing the bias voltage with respect
to the IR product), the fractior of the energy absorbed by the
bias battery increases toward unity, and the portion dissipated
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(4)

in the load resistance and the rectifier decreases towards
zero. Because the function of such an arc reducer is to
prevent the occurence of large transient voltages across

the switch contacts upon opening, and because the effect-
iveness of this limiting is dependent on the forward resis-
tance of the diode, it is necessary to consider this aspect
of the diode as well as its energy~-dissipating capabilities.
Considering the circuit shown on figure 3-110C, the voltage
that appears across the contacts immediately following the
swi tch opening is the algebraic sum of the source voltage,
the bias voltage, and the forward voltage drop of the diode.
This sum must not exceed approximately 300 volts if gaseous
discharges between the contacts are to be avoided. To min-
imize this abrupt rice and the resulting interference, a
rectifier having a low forward resistance should be used,
and the bias battery eliminated.

Composite interference Reduction Components. Interference

reduct:on can be obtained by using simple components in com-
bination. Two composite arrangements are shown on figure 3-
115. As each of the simple suppressors has some deficiency,
it may be desireble to consider whether, when used together,
each can supplement the other to improve over-all perfor-
mance. It is usually easier ro use an interference filter
instead of a composite reduciion circuit. To prevent the
vol tage across the switch from having an excessive peak
value during opening of the contacts, ths capacitor may

have to be large. The required value of capacitance can

be calculated from the circuit parameiars. |f, for instance,
the load current is 3 amperes, the load inductance is 10
henries, and 300 is the maximum allowable voltage, then the




calculated value of capacitance is:
2 2 -3
c = L(1/V)® = 10(3/300)° = 10 ° farads = 1000 pfd (3-55)

The value of the capacitance (C) in composite circuit A on
figure 3-115 is also a factor in determining the low-voltage
breakdown or bridging. For larger capacitance values, the
voltage build~up across the contacts upon switch opering is
slower, and consecuentiy, the electric field intensity
within the gap is less. This consideration is a second fac-
tor in the selection of the value of this series capacitor.
Under some circuit conditions, and with a fast opening

swi tch, the value so determined will be less than the capa-
citance required to limit the peak switch voltage to a value
lower than the breakdown potential of the surrounding gases.
The procedures for determining resistance and dicde charac-
teristics are the same as described. The component arrange-
ment of circuit A minimizes the formation of bridges, but

is incapable of reducing sawteeth; the component arrange-
ment of circuit B all but eliminates the sawteeth. Compo-
site circuit B is a modified configuration. Here, circuit

A is designed to minimize bridging, and circuit C is used

on the sawteeth. Table 3-5 compares the ability of several
circuits to retard the build-up of gap voltage, limit the
peak of gap woltage, and minimize sharp wave-front transients.
Table 3-6 compares the general interference reduction char-
acteristics of components. The factors affecting the deter-
mination of component values are summarized in table 3-7.
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TABLE 3-6.

OF COMPONENTS

GENERAL INTERFERENCE REDUCTION CHARACTERISTICS

Circuit
. /. |\
Suppressor '-/‘—'V"T' g é -
Feature l I =
Maximum Good
Interference Best Good to Poor Good Poor
Redur. tion Poor
Minimum
Decay Poor Good Good Very Sood Best
. Good
Time
Ease of Poor
Adding to Fair Best Best Good Fair (N2ed for
Circuit Battery)
Size of
Components Small Small Small Smal Smali
For Small
2
1/2 LI Deoends On
“las
Size of Battery
Components
for Large Large Moderate Moderate Small Large
1/2 12
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TABLE 3-7.

DETERMINATION OF COMPONENT VALUES

Suppressor 4§§bpr¥vvgft°9° Load Current Load Inductance
Circuit s (1) (L)
Reversed diode must dissipate all of
Across Voltage foi reverse |stored energy. Select on heat basis.
S;itch knee must exceed 1f duty cycle is high, current rating
supply may be less than normal rectifier rating
Knee < 300 V
Across 2
Load Same Same Knee < (300 Vs)
Diode must dissipate only a fraction of
stored eneray. Diode with reciifier,
average-current rating eaual to load
Same current is conservative. |f duty cycle
is low, normal rating of diode 1 y bz
increased by a factor up to 1,
Pl Should have low In practice, no
forward resistance | effect. Diode, se
0 D No effect < ected on rf basis,
> ReS = 1/1 could carry load
current indetinitely
¢l » ¢ No effect ¢ s L(1/300) to eliminate sawteeth
M H
"{e‘ R No effect Must completely discharge C during

switch-closed interval. R = T¥/5C

Voltage for re-

R¢ must be less If Vp is large (to

verse knee must | then: reduce decay time),
b exceed: diode selected on
- - basis of rf could
Vb +V 300 vE; VS carry load current
s [ indefinitely. No
effect of L
If "slugging' is to be minimized, then !, should be maxi-
Vp | mum possible and stil) keep gap voltage less than 300 V:
Vs+Vb+ lRf<300 )
{( c No effect c2 L(I/300)2 to eliminate sawteeth
¢ R = value which
R produces maximum
-JL-/’;-/VVVL.JL_ R No effect allowsble voltage No effect

regulation

"% T = duration of closed interval
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3-22. Electron Tube Control Circuits

a. Vacuum or gas-filled electron tubes are often used to produce
switching actions or to control switching circuits. In some applications,
the generation of harmonics is desired, or essential, to the operation
of the power or control system. Harmonic generation, however, also gives

rise to interference.

b. Electron tubes are generators of nonsinusoidal waveforms and are
widely used as pulse generators, modulators, or oscillators in chopper
circuits. The greater the power output of these control devices, the
more difficult it is to keep the harmonic content and interference under
control. |f gas-filled diode tubes are used, interference increases as
tube conduction increases. Less interference and more flexible control
may be achieved by using a vacuum triode and applying a control voltage
to the grid instead of relying entirely on the plate voltage to cause
breakdown (switching action). Gas tubes usually permit more precise

conduction control.

€. In control systems using thyratrons, the interference source is
usually located in the tube. f{aserting filters in the thyratron plate
circuits, as close to the plate terminal as possible, will reduce con-
ducted interference. A choke coil of approximately 15 millihenries, with
a current-car~ying capacity comparable to that of the tube, preceded by
a capacitor (0.1 microfarad) to bypass radio frequency to ground, can
provide up to kO-dp attenuation below 50 mc. To minimize radiation
effects, the thyratron should be physically isolated from magnetic field
effacts from other components and should be electrostatically shielded
to reduce spurious radiation from mercury vapor discharge. interference,
arising in mercury=-arc electron tubes,characteristically consists of
oscillations of several hundred kc superimposed on a random interference
background extending up to about 5 mc.

3-23. Magnetic Amplifiers

@a. A magnetic amplifier controls the reactance of a coil by controlling
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the effective permeability of its magnetic core material. |In its simplest
application, the magnetic amplifier is inserted in series with the load
impedance of a circuit. As the impedance of the amplifier is varied by
changing the degree of saturaticn of the core (with a small change in dc,
or properly phased ac current in a separate winding on the same core), the
power to the load is increased or decreased. An unsaturated core presents
a relatively high impedance to ac; but a saturated core acts as an air core
with practically no impedance. There are two distinst advantages to be
gained by using magnetic amplifiers as switching-circuit control devices:
Gain control leads are less affected by stray rf pick-up than those of
equivalent eleciron-tube circuits, and signals, that are too weak to over=

ride shot noise in vacuum tubes, can be amplified.

b. Magnetic amplifiers shouid be considered as possible sources of
interference. The harmonic content of the ou'put of some magnetic ampli-
fiers is one possible interference source. The harmonic content depends
somewhat on the amount of relative control used (net ampere-turns of
control signal applied to the control windings). The waveform itself
can generate interference under certain conditions. For example, a load
connected through brushes and a commutator can cause steep wave-fronts

and hlgh-f}equency interference.

S. The amplistat, a self-saturating form of the static magnetic ampli-
fier, has a pulsating dc output. |f the amplistat load is inductive, the
current peasks should be smoothed out, but voltage peaks could puncture the
rectifiers used in the device. Such induced voltage peaks produce inter-
ference and should therefore be controlled by using such circuits as diode
rectifiers. Inductive loads also cause core flux unbalance and voltage to
be induced in the control windings. Induced voltage causes considerable
double-frequency current to flow if the control circuit impedance is low.
The current will then add to, or subtract from, the operating control
current and influence the operation of the amplifier. With low-circuit
impedance, the output voitage will be unstable in the low-voltage region;
that is, for certain values of apparent control ampere-turns, the output
voltage snaps up or down depending on whether the control current is in-
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creasing or decreesing. Such snapping can generate interference. To
eliminate snapping, a large control circuit impedance should be pro-
vided, or interference reduction circuits should be incorporated at

the amplifier load.
3-2k. Transistor Switching Circuits

3. Transistor circuits can sometimes be used advantageously to re-
duce switching circuit interference. Gaseous discharge and tridaging
interference at switch contacts can be eliminated by reducing the
switch current to that required for transistor operation. Transistors
also offer advantages in reliability, size, and weight for many applica-
tions. The design engineer should therefore carefully consider their
use rather than depend solely upon resistors, capacitors, inductors,
or rectifiers. Typical transistor switching circuits are shown on
figure 3-116. Base-to-emitter potential is an important consideration
when using transistors in these circuits. The figure shows that a con-
trolling set of contacts may be inserted in the base lead,or across
the base and emitter terminals, of a common-emitter transistor circuit.
Because the floating potential of the base is about 0,1 volt (Vbe wi th
the base open), almost the entire base-to-emitter supply voltage will
appear across the contacts [f they are inserted in the tase lead. |If
an auxiliary power supply is not available and relatively high voltages
are to be switched, it may be advisable to place the switching contacts
across the base and emitter terminals. In this case, the voltage across
the contacts will be the emitter-to-base forward voltage (0.5 to 3 volts).

b. Transistor circuits reduce interference in inductive circuits by
limiting the peak induced voltage when the switching circuit current is
interrupted. The peck induced voltage usually far exceeds the back-
voltage ratings of the base-to-collector diode of most transistors and
causes an effect known as punch-through, or reverse breakdown. |If the
power limits of the transistor are not exceeded, no damage will result
from punch-through. Furthermore, the effect is advantageous because
di/dt is reduced, and the induced voltage, -L(di/dt), is also reduced.

To take full advantage of punch-through, a transistor with a breakdown
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voltage nearly equal to the source voltage should be used. High-frequency
interference, generated at the load side of the transistor, is then ef-
fectivel: reduced. iInterference can be further reduced when a low-im-
pedance feedback network is used with a common emitter circuit, and the

load impedance is not less than the base resistance of the transistor.
3-25. Filtering

The classic technique for the reduction of interference generated by
switches is the use of a filter network, consisting of one or more induc-
tors and one or more capacitors, all mounted within a grounded metal
shield (fig. 3-117).

2. Series Inductance and Shunt Capacitance in Combination with Resist-

ance Capacitance. iow-pass filters, consisting of series inductance and
shunt capacitance, are effective in reducing interference caused by switch
transients (fig. 2-118). The low-pass network is effective but has the
disadvantage that the surge is not completely eliminated because of the
distributed capacity of the inductances and the inherent inductance of the
capacitor leads. Using a shielded encliosure and feed-through capacitors
avoids thase difficulties.

b. Shielded Enclosure and Feed-through Capacitors. When feed-through

capacitors are added to the circuit shown on figure 3-118, the inherent
inductarce from line to ground is reduced to an almost negligible value
(fig. 3-119). The resonant frequency of the capacitor also is raised,
and its usefulness for effective bypassing is Increased.

c. Conventional Double-Pi ‘ilter. An arrangement such as the one
shown on figure 3-120A is ofte effective in reducing interference in an

inductive circuit. The extent of reduction depends upon the nature of
the interference and the capabilities of the filter. The filter's inser-
tion-loss curve should be consulted when a particular fiiter is required

to attenuate undesirable interference.
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d. Filter, Shielded Leads, and Shielded Switch. An arrangement (fig.
3-1208) that employs shielded conductors, a filter, and a shieided en-

closure is effective in reducing interference in even the most difficult
cases. ere 8 great many switches are used, it is often advantageous to
first filter all leads entering the package and then shield the pac' :ge
(fig. 3-121). See section 2 of this chapter for a detailed discussion of
filter networks.
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Figure 3-121. Application of Filtering and Shielding

3-197



Section V. RECEIVERS

3-26. Genersl

Basically, interference problems in receivars may be reduced to two
major areas: (1) undesired responses and (2) undesired emissions. Un-
desired responses encompass two general areas or characteristics: suscep-
tibility and spurious responses. Undesired emissions include unwanted
signals or interference generated within, and propagated from, the recei-

ver.

3. Susceptibility is normally defined as the characteristic of a re-
ceiver to respond to signals entering through paths other than through
its antenna circuit. Spurious responses are defined as the response of
the receiver to signals across its antenna terminals at frequencies out-
side its pass-band and are usually expressed in terms of db above the re-
ceiver!s normal sensitivity. While much can be done and is being done in
military equipments and systems to reduce interference at its source,
onerational requirements frequantly make it necessary for receivers to o-
perate in the presence of high level signals from transmitters in the
immediate vicinity. Therefore, the 5usceptibillty and spurious response
characteristics of a receiver are of vital importa. e if its operational

purpose and capability are to be maintained.

b. The spurious response and susceptibility characteristics of a re-
ceiver are affected by operating frequency, linearity, type of circuits,
(le: superh~t, crystal video, etc.), bandwidth, sensitivity and other
factors. Physical design and layout, particularl, in the '"front end",
are a most important consideration. Coupling between internal and ex-
ternal circuits, as affected by placement of components, isolation be-
tween wiring and circuitry, circuit shielding, decoupling and filtering,
are major factors relative to susceptibility. There are four basic paths

through which an undesired signal can enter a receiver. They are illu~
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strated in simplified form in figure 3-122 as foliows:
1) The antenna system
2) Power and control circuits
3) interconnecting and output circuits

L) cCase penetration

Conversely, interference generated within a receiver may be propagated
through these same paths; and many of the measures and techniques which
minimize spurious responses and susceptibility of a receiver will also
serve to attenuate or contain interference generated within the recei-
ver. Interference generated within a receiver must also be minimized,
or contained, to prevent interfering with other nearby receivers and, in
tactical operations, to avoid detection by the enemy. Under favorable
conditions, receiver local oscillator radiation may be detected several

miles away.

€. Many interference and susceptibility problems in receivers could
be readily avoided in the design, .f only some thought is given to the
fact that the signals are not confined to the signal paths indicated in
the schematic diagram. It Is necessary to design into the receiver the
physical confinement of both the internal and external signals. The
representation of flgure 3-122 illustrates, in the very simple case, var-
fous naths by which undesired signals may entier a receiver. These same
deficiencies permit propagation of local oscillator. and if signal energy
out of the receiver. Fligure 3-123 similarly illustrates certain basic
interference reduction measures applied to a simple receiver.

d. In analyzing a recelver design, each component, each circuit, and
each lead must be viewed with suspicion as to its capablility to propagate
or accept unwanted signals. Having this concept or philosophy in mind,
the designer will often detect and resolve many potential interference
problems. Interference problems In receivers, which must be taken into
account in the basic design as well as in actual layout and fabrication,
may be summarized as follows:

3-199




JaA 1909, O0ju| syied 14y °zzZ|-€ @4nbi4

ANJdNI ¥ImOod 31 EL ]
0T2-2T2INI $

r——— - - - - - = T - - - - T == 1

ANddNS WIMGCd

]

| SL1NO¥1D ¥IHIO OIN)

_..v _. 9N11400D 3AILIDVAYD
aNY 3A119N0W)

- -

Hivd 144

| |
| |
| |
= | “
“ “
_ “

A 33 M o
o ml@LTv ' e F_L""?_:

_
_.L b~ 39vis 1nano SIVANOY NI DD N VNNILNY
= — —— e —_—— = — — NI — II.=T — / — — I/
u.._..m wiG
sng MDLIMS ¥3IMOd 08 1N0D ONINAL ST ILINNILNOIS 1a ISV

SNOJLVY¥LIINIJ 3ISYD

3-200



49A 1929y JO uojssaiddng |4y Diseq

1NdNI ¥3Imod

*€Z1-€ 24nby4

T12=-2TZINI
T " SroMmILNGD SNIaT3THS 35v3 M — )
] | | 1avKs 211 wasw won |
_ = HLIM 301N93AVA ¥O
TH-- ONINSNE ONIONNONS o |
| I agsns | i
_ e ! _
_ P _
_ <} =X - _ —
| <t— | _
| |
| ATddNS ¥IMOd _
_ 3 _
| Tl S
= SLINVID s -
| WNUILN] WOM3 4 <{ | W3i4 Q
- - A Q31v1051-031S 1AL s ) | I -owe _ .
tnano | --- | -
#3114 | pd B ll....—.OIl
Qll_ mmuu | ) 211ViSON1D313
[ I9VIS 1neN| |
_ 39ViS Lndino [ l“
- — - =L — o — -4 N
®
SONINIJO W3 oNivas
HOLIMS ONITO0O NO  SLiVHS ONISNOH D (TTVLIN

7
¥3GT0H 3sNd d¥d IVL3AN

Y3IM0 4

SNOIJAINOH JOu1NOD WIG MiINL

¥O N3I3NOS



(1) Interferance generation

(a) Broadband interference generated by solid-state power supplies,
relays, and other switching devices. (Suppression techniques
for these devices are covered in other sections of this manu-~

al)
(b) Video signal radiation and conduction via power and other lines

(¢) Local oscillator, fundamental and harmonics, radiating from

antenna, housing or wiring

(d) Intermediate frequency signals and harmonics

(2) Susceptibility

(a) Conducted signals at rf, if, or image frequencies through
power circuits, signal output circuits, control or other cir-
cuits entering or exiting receiver housing

(b) Radiated susceptibiliity, due to shieiding deficiencies allowing
signals to enter receiver housing, shielded interconnecting
cables, connectors, etc., and reaching low-level circuits

(c) Audio susceptibility due to audio ripple on dc lines causing
audio responsd, Instability or modulation of rf, If or video
signals, or mixing with or producing command signals. This
is a particularly serious problem in transistorized receivers
or portions thereof, usually due to inadequate low frequency
decoupling

(3) Spurlous responses

(a) Image response
(b) IF response
(¢) Intermoculation

(d) Cross modulation
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The broad category of spurious responses covers a wide variety of unde-
sired responses to signals outside the receiver pass-band as a resilit of
normal and abnormal non-linearities, inadequate front-end selectivity,
and/or spurious resonances. Receiver desensitization can also be consi-
dered within the category of spurious responses, since it is generally a
result of a strong signal outside the receiver pass-band causing overloa-

ding of the rf or mixer stage,or reduction of gain by agc action.

3-27. General Interference Reduction Methods

Basically, interference reduction in a receiver is accouylished by
attenuating the propagation of undesired rf energy through any of the
typical paths indicated in figure 3-122. The basic techniques employed

include:
1) Filtering
2) shieiding

3) Isolation of internal wiring and circuit components
L) Internal decoupling and filtering
5) Circuit design and layout

The techniques which are effective in reducing susceptibility of a recei-
ver are similarly effective in reducing interference generated within the
receiver. Frequently, the same deficiencies which permit the entry of un-
desired rf energy into the sensitive circuits allow radiation or conduc-
tion of local oscillator or If signals out of the receiver. Inasmuch as
the rf environment in which a receiver is to be employed cannot generally
be determined by the designer, permissible levels of interference emana-
tion and susceptibility are specified in the applicable MIL interfarence
specification or in the equipment specification.

a. Flitering. In other than rf signal circuits, such as power input,
output, or control circuits, simple low-pass filters are most commonly
employed. In such circults, where it is necessary or desirable to stten-
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uate rf energy over a wide frequency range, low-pass filters should be
used. The cutoff frequency is limited only by the power frequency, audio,
digital, or other information which must be passed. In rf circuits such
as the rf input, more complex types of lcw.pass, band-pass or high-pass
filters may be employed depending upon the tuning range and other factors.
Tunable band-nass filters are sometimes emplived, but thise become rather
bulky and require manual tuning. Such filters are usvaliy employad only
to overcome internal receiver deficiencies, or vhere a recziver must oper-
ate in close proximity to high-power transmitters where rf power levels

exceed practical rejection capabilities.

(1) Receiver rf input. In the hf, vhf, and uhf ranges, receivers

are comonly of the superheterodyne type with tuned rf cir-
cuits. The tuned circuits themselves are basically band-pass
filters. Ir some receivers, the number and Q-vaiues of these
tuned circuits are Inadequate to provide sufficient off-channel
rejection of strong signals. For such cases, one or more ad-
ditional tuned circuits may be used at the input, preferably
Isolated by additional rf amplifiers. The effectiveness of the
receiver tuned rf stages as a band-pass filter can be seriously
degraded by Inadequate Isolation and/or decuupiing between the
successive tuned stages. This is a common problem frequently
encountered In otherwise well-designed receivers. Coupling
around tuned circuits via filanent, B+ or agc circuits, or the
lack of proper shielding between stages, are among the major
causes of Inadequate rejection of high=level signals outside
the recelver pass-band. For reducing interference outside tie
normal tuning range in variable or In fixed-tuned receivers,
band-pass and low-pass filters in the antenna circuit provide
a relatively inexpansive approach. In fixed-tuned receivers,
the pass-band of the filter(s) can be made sufficiently narrow
to also be effective In reducing local oscillator signal feed-
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back into the antenna. |F rejection can be improved by incor-
porating high-pass and lcw-pass filters in the antenna circuit,
but the use of low-pass filters to improve if rejection is con-
sidered more of a fix than a desirable design feature. In the
basic design, rf selectivity through the use of well-designed
tured circuits and raduction of stray coupling around the tured
rf stages is the proper approach; untuned rf stages are undesi-
rable. In some cases, even the best designed tuned rf prese-
lector can fall to offer sufficient rejection of signals of much
higher frequenclies; it may then be necessary to add a low-pass
filter whick has i1ts cut-off frequency where the tuned circuit

starts to fail.

b. Shielding. Shielding within a receiver is an Important considera-
tion which should be undertaken in the initial design. The addition of
shielding into an existing receiver is almrst tota'ly impractical --¢ =t
best,a compromise. Good interference reduction design requires shielding
in several forms wnich may be divided into two primary areas, external
and internal. The purpose of shielding, stated simply, is to contain or
exclude unwanted rf energy. In a receiver, both of these requirements
exist: (1) to contain signals generated within the receiver and (2) to
exclude high level rf energy which, by entering the receiver through
the '"back door'', is not rejected by the rf preselection. Obviously, if
such signals are at an If frequency, a response will be produced. How
ever, frequency coincidence Is not necessary since responses may also be
produced, for example, by mixing with the local oscillator or its har-
monics. Shielding and decoupling, or filtering, are interdependent and
el ther may enhance or degrade the effectiveness of the other. However,
as mentioned earlier, filters for decoupling may be much more readily
added to a completed well-shielded receiver or cirzuit than shielding,
which usually requires major rework. Therefore, shielding of the recei-
ver and critical circuitry should be considered from the outset of design
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and layout. It must also be remembered that the degree of internal shield-
ing required to merely permit a receiver to operate without oscillation
or unstability is not normally adequate to meet rfi requirements.

(1) Housings. Figure 3-124 illustrates in simple form a few of the
basic shielding considerations applicable to the overall recei-
ver housing. Obviously, any receiver case or housing must pro-
vide access for maintenance or remnval of the receiver chassis.
However, removable panels should be minimized insofar as prac-
ticable. Continuously welded or closely spaced spot-welded
construction of the basic housing should be used wherever pos-
sible. Access panels should be attached by machine screws,
with continuous metal-to-metal contact between the mating sur-
faces. Where continuous metal-to-metal contact cannot be main-
tained around the entire periphery of the opening, due to sur-
face Irregularities or deformation of the metal, rf gasketing
should be used. Types and typical applications of rf gasket-
ing materials are described in Section_|V¥, Shielcing, of Chap-
ter 2. In considering the practical aspects of overall recei-
ver shielding, the discontinuities and penetrations of the
housing are usually the |imiting factors, rather than the type
or thickness of metal employed. Normally in a receiver hous-
ing, elther aluminum or sheet steel of sufficient thickness to
provide the necessary mechanical strangth will pruvide adequate
shielding, but the mating surfsces and openings are the major
problem areas. Where pressure-sealing is required, such as in
alrborne, missile or certain drone applications, rubber or syn-
thetic 10" ring seals may be used between sections of the cas-
ting. Care should be taken either to insure that the '0" ring
is completely compressed in a groove to allow metal-to-metal
contact between sections of the casting, or a second groove
should be provided to accomodate a woven metallic mesh gasket
for rf bonding. Cast housings of magnesium should be avoided
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because of corrosion of the mating surfaces. Aluminum castings
having machined mating surfaces should be protected by plating
or other finishes such as Iridite which does not appreciably im=-
pair the conductivity. Electroless nickel plating provides an
extremely good finish for aluminum. It prevents oxidation and
corrosion and maintains excellent rf properties. Except for
special purpose fixed-tuned receivers, openings for controls
‘and indicators are necessary. ‘hese and cooling or ventilation
openings represent the major areas of rf leakage in the average
receiver housing. No control shaft should be continuous from
the external control into an rf module or circuit. Tuning con-
trol shafts, for example, should be "broken' by an insulating
coupling. At the point of penetration of the control panel, the
control shaft sho 'd be grounded to chassis by a suitable bush-
ing. A non-conducting,shaft penetrating the housing through a
metal tube having at least a 3:1 ratio of length to diameter, is
another means of treating control penetrations to maintain
shielding integrity. Openings for cocling or vorced air venti-
lation must be shielded, either by the use of fine mesh screen
or honeycomb-type filters. The latter type offers several ad-
vantages ovar scraening in that:

1) it offers little inpedance to air flow

2) It affords generally greater shielding effectiveness

3) Clogging, such as oftensoccurs with fine mesh screening, is

not & problem

It does, however, require somewhat more space since its attenu-
ation characteristics are a function of the depth relative to the
cross-section of the individual openings. In either case, com-
plete rf bonding around the entire periphery of the opening must
be provided, whether screen or honeycomb material is used. This
bonding is best accomplished by continuous soldering to the hou-
sing or enclosure around the opening. In the case of aluminum
enclosures, the screen or honeycomb material may be soidered in-
to a frame which is, in turn,mounted in the enclosure.
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(2)

(a)

(b)

Internal shielding. Internal shielding within a receiver is

equally as important as the external shielding or receiver
housing. Shielding of individual circuits or sections of a re-
ceiver, besides affecting its stability, affects spurious re-
sponses, susceptibility and spurious emissions. Internal shiel-
ding, as in the case of the overall housinr, is also greatly
dependent upon circuit decoupling and flltering.
ldeally, each stage of a receiver from the antenna through
the second detector should be housed in an individual shield-
ed compartment,wlth only those conductors required to carry
necessary signals running between the compartments. Power,
agc clrcuits, etc., should be routed separately to each com-
partment and filtered at the point of entry into the compart-
ment. A typical example of a shielded rf module (and methods
of applying decoupling to power and/or control circuits) is
shown in figure 3-125. The rf gasket is in the form of woven
metal mesh inserted in a channel around the periphery of the
module shield. The cover may be fastened by machine screws
through the top Ghich pulls the cover down compressing it
into the rf gasket). In the case of non-removable modules, rf
shields may be applied in the same menner;but with the feed-
thru rf filters mounted on the chassis.

The Importance of adequate grounding and bonding between sec-
tions of a shielded compartment,or between a shield and the
chassis,cannot be over-emphasized. Continuous bonding must

be maintained around the entire mating surfaces in order for
a shield to be fully effective. This becomes more critical
with Increasing fraquency and with high-level signals, such

as !n a local oscillator. The use of metallic mesh gasketing,
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(c)

as shown in figure 3-125, is one means of insuring complete rf
grounding of a shield housing or a cover without having to
maintain extremely close tolerances on mating surfaces. This
method has been proven effective so long as adequate pressure
(approximately 20 ps!) is maintained on the gasket.

In variable tuned receivers where the rf, mixer, and oscilla-
tor tuning must be tracked, shielding between these stages
becomes mechanically more difficult to accomplish. However,
this shielding is critical with regard to oscillator radiation
and spurious responses. As mentioned earlier, it is prefer-
able to contain each of these in its own individual shielded
compartment. The greater the departure from this ideal situ-
ation, the greater the compromise in interference and spurious
response characteristics. Wherever practical, the mechanical
linkage employed for tracking the various tuning elements
should be electrically isolated between the various tuned
stages. |If the rf, mixer and oscillator tuning employs ganyed
tuning capacitors,or variable inductors utilizing a single
metallic shaft, extreme care should be taken to provide low
impedance grounds on the shaft between each stage. When such
a tuning arrangement is usad and Incorporated in a single en-
closure, shie'd barriers should be utilized between each stage.
This shielding barrier should provide continuous electrical
contact with the enclosure. Penetrations of the shields be-
tween stages should be held to the minimum required for inter-
stage signal coupling and tuning linkage. Circuits should be
so laid out as to minimize lengths of signal leads between
stages. Local oscillator circulitry should be physically, as
well as electrically, isolated from the rf stage(s). Coaxial
cable,entering or exiting a shielded rf circuit or stage,
should have its shield grounded at the point of penetration
either by means of an rf connector or by connecting the shield

3-211




(d)

(e)

direct to chassis. In an area cf high rf fields, such as in
an oscillator module, rf energy can be coupled out on the
cable shield unless It is properly grounded at the point of
entry. In the design of rf transformers, electrostatic
shields should be employed between primary and secondary
wherever practical. This reduces the capacitive cuupling
between wirdings, decreasing spurious coupling and rescnan-
cas; thus, reducing spurious responses and coupling of the

oscillator signal back to the antenna circuit.

Test points, frequently required in military receivers, are
often a source of interference and susceptibility problems.
Where it Is necessary to provide test points to monitor volta-
ges or circuit functions in the rf or if portions of a receiver,
care must be taken to provide proper decoupling and shielding
of the leads to the test points. Where a panel is provided for
a number of test pcints, It should be recessed and provided
with a metallic cover to maintain overall shielding integrity.
Where a test point for the oscillator signal is required, the
oscillator signal should be rectified and filtered in the oscil-
lator module, and the resulting dc monitored rather than the
oscillator signal l(tself.

Figure 3-120 shows a typical example of a poorly designed vhf
“"front end' wherein the rf stage, mixer and oscillator are con-
teained in a single shielded unit. The unit exhibited not only
incictive and capaclitive coupling between the oscillator cir-
cuitry and the rf stage but, due to poor decoupling techniques,
a direct path from the oscillator through C-1, R-1, R2 and C2,
and back to the entenna input transformer, T-1. This particu~
lar raceiver produced some 2200 microvolts into a 50-ohm load
across the antenna terminals at the oscillator frequency, with
high levels appearing through the sixth harmonic. Local oscil-
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Figure 3-126. Typical Example of Poorly Designed VHF Receiver RF Section

lator signals also sppeared on virtually all power and agc
clircuitry throughout the receiver;and high levels of direct
radiation from the receiver and power wiring were found. Al-
so, for high level off-channe! signals, the path(R-2, R-1) by-
passes the additional tuned circuits in the output of the rf
stage, increasing the probability of coupling into the mixer
and thus degrading the rejection of spurious signals.
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(f) The superheterodyne circuit,employed in receiver applications,
is inherently susceptible to interference from certain fre-
quencies other than the frequency to which it is tuned due to
spurious responses. In a normal superheterodyne circuit, the
desired incoming signal frequency is mixed with the local
oscillator frequency In a nonlinear device to produce an inter-
mediate frequency which is accepted by the following recei-
ver amplifier stages. This nonlinear device is termed the
first detector, frequency converter, or mixer. A signal of
pure sine-wave form contains no harmonics, but when this sig-
nal is fed into a nonlinear impedance or nonlinear amplifier,
it becomes distorted due to harmonics which occur at Integral
multiples of the fundamental sine-wave frequency. When two
signals are present, such as a signal frequency and local os-
cillator frequency, an additional heterodyne action occurs
in which the sum and difference frequencies are generated be-
tween integral multiples of their fundamental frequencies.
Therefore, many heterodyne and harmonic frequencies resuit in
the mixing process of the frequency converter stage. This
action may also occur in a nonlinear rf amplifier stage due
to overloading by a strong signal, improper blas, or Improper
adjustment of gain. Any of these fundamental, harmonic, or
heterodyne frequencies, which occur at the intermediate fre-
quency and reach the mixer stage, may cause interference |f
thelr amplitudes are sufficliently high. The sum or difference
frequency of the fundamental local oscillator and desired sig-
nal frequency is normally selected as the intermediate fre-
quency by means of a resonant circuit in the mixer output.
This signal is then further amplified by successive if sta-
ges. An illustration of this action Is shown in figure 3-127.
In general, most cases of interference due to spurious re-
sponses of a receiver occur only when a high-amplitude signal
is present.
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(g) Two factors are involved which require an undesired signal to
be of high amplitude before it can cause interference. Since
most spurious responses are dependent upon harmonic genera-
tion and/or heterodyne action within a receiver, the frequen-
cy of an interfering signal is usually outside the passband
of the rf section of the receiver. Thus, the rf selectivity
of a receiver will cause a degree of attenuation to these
signals as shown in figure 3-i28. It may be noted that atten-
uation becomes greater as a signal frequency becomes further
removed from the center of a passband; however, the attenua-
tion is always some finite value. Therafore any signal, if
it is of sufficient amplitude, may pass through the tuned sta-
ges of a receiver, but the further removed from the passband,
the greater must be its amplitude to pass through. Since
higher harmonics of a signal frequency are progressively low
er in amplitude, the sum and difference frequencies of higher
harmonics are also progressively lower in amplitude. This
condition also requires that interfering signals be of high
amglitude before they can cause interference due to spurious
responses of a receiver.

3-28. |ntermodulation

Intermodulation refers to an undesired signal produced in a receiver as
a result of the mixing of two or more off-channel signals in a non-linear
device. it s one of the most serious forms of interference affecting
comm:nications recsivers. The Iimportance of preventing this type of in-
terference arisas 7rom the fact that reception of a desired signa! may
be obscured by intermodulation from signals which are removed in frequen-
cy from the desired signal.

g. Theory. The mechanism by which the intermodulation occurs is ex-
plained through the representation of a non-linear device by a power se-
ries. Let the output variable (e) of the device be given as a function
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of the input variable (eg):

2 3
e=a + a'eg + azeg + a3eg F oeesveses (3-56)
Novt, if the input variable is represented as a sum of two undesired sig-

nals, both unmodulated (for simplicity) :

e, = e_cos2nf_t + e cosanf t (3-57)
Upon substituting equation 3-57 into equation 3-56, the following products,
invoiving combinations of the two fundamental frequencies,can be obtzined:

azeaebcos(wa+wb)t W= Z«fa

azeaebcos(wa-wb)t W, = 2 €
2

3/4 aze.’e, Eos(2w8+wb)t + cos(Zwa-wb)t]

3/k a3°a‘b2 cos(2wb+w.?t + cos(Zwb-wa)ﬂ

Any products resulting from the substitution of two or more signals for
eg in squation 3-56 are referred to as "intermodulation preducts''. Sig-
nals ylelding the frequency combinations Ga+fb)and(fa—fb)are termed se-
cond-order intermodulation products. Third-order products arise from ex-
pansion of the term e 3;and n:th-order products from expansion of e n,
For two off-channel signals, the third-order product frequencies are

(2fa + fb) and (Zfb + f.).

(1) The theoretical discussion above, relative to the generation of
intermodulation products, assumes that the interfering signals
have reached a non-linear device or circuit element and is pro-
bably of interest tc the design engineer only to the extent of
demonstrating thz processes ard the various combinations of sig-
rals which, if allowed to reach tnhe mixer for examplie, might
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(2)

produce intermodulation interference. In the presence of two
extremely high-level signals having the proper frequency rela-
tionship to produce sum or difference frequencies i the pass-
band of a receiver. or perhaps the if frejuency, intermodula-
tion interference will be produced in almost any receiver.
Since no tuned circuits provide infinite attenuation, there
will always be some level at which signals can reach the mixer
stage. Usually, however, signals of such a magnitude would
overload the first rf stage, driving it into non-linear opera-
tion and mixing would occur in that stage. It is the design
2ngineer's responsibility to achieve the maximum degree of in-
termodulation rejection by circuit design, choice of tubes, or
solid-state devices, and to insure operatior within their lin-
ear operating range. |+ is the responsibility of both the de-
signer and those who specify size and weight requirements to
insure that minaturization, for example, is not carried to such
extremes as to preclude adequate rf preselection, decoupling,
etc., required for reduction of intermodulation.

As previously mentioned, the choice of tubes and the range of
operating bias Is one of the factors affecting intermodulation
Interference. However, individual tubes may vary in their In-
termodulation characteristics at a giv as level. A typical
example of third-order intsrmodulation -:rius bias and gain is
shown In figure 3~129. It can be seen from this figure that
published tube characteristics may not be too reliable in that
appreciable varlations from tube to tube can exist. Neverthe-
less, the operating bias is seen to affect intermodulation char-
acteristics to the extent of 20 to 30 db.
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3-29. Cross Modulation

Cross modulation is the transfer of the umplitude modulation of an un-
desired signal to the desired signal.  Cross madulation occurs when both
the desired signal within the receiver pass-band and the undesired signa:
are simultaneously present in a non-linear device such as a mixer or ove:-
driven rf stage. As in the case of intermodulation and other spurious
responses, the undesired signal must reach the mixer, or an earlier stag.
must be operating in a non-linear range. The undesired signal may reach
the mixer as ¢ result of inadequate isolation in the front-end, allowing
coupling of strong signals outside the pass-band to bypass the tuned cir-
cuits, or spurious resonances in the tuned circults. Receivers having no
tuned rf stages ahead of the mixer will obviously exhibit paur cross-mo-
dulation characteristics. 1In an fm recelver, the limiter will normally
minimize the amplitude modulation impressed upon the desired signai. How~
ever, interaction between the two carriers will still introduce fm com-

punents and undesired response or distortion of the desired signel.

a. The third-order curvature in the plate-current characteristics in
a non-linear stage In the preselector of the receiver is the most common
cause of both cross modulation and intermodulation. This «ffect norma!ly
occurs in the first detector (mixer) or, for i-rge input signals, it may
occur in the earlier rf stages when the flrst rid starts drawing current.
As tho rf stage becomes overdriven, it contrib::tes more he:vily %o the
cross-modulation effect. Assume that the Incoring signal voltage is ap-
plied to a tube In an am receiver whose transf:r characteristic is repre-
sented by a power series. Then, when the nece:sary mathematics are ca:rried
through in order to find the desired intermodu ation products, 't be-
comes evident t'.. It Is necessary to have at ‘2ast the cubic term prerent
for cross-modulation distor:ion and that only e amplitude is affecte:i.
Hence, cross moduilation of the desired signal -:curs due to - :on-linecr

characteristic and causes distortion in the ar - 1itude module-. 1.



b. In general, the cross-modulation characteristics ¢f a receiver vary
over its tuning range, particularly if band-changing coils arc used. Uith
adequate planning during the initial design stages, some advantage may be
gained In optimization of a receiver!s freedom from this type of interfe-
rence. Cross-modulation In an am receiver can be considerably reduced
by the application of adequate frequency selectivity circuitry between

the recelver ar.i the antenna.

3-30. Other Zpurious Responses

In a receiver, spurious signa’s may manifest themselves as two or -~ re
stations being received simultaneously, whisiles, squeals, an audio : :e.
erroneous indications of an Instrument, and, where agc circuits arec ¢~
ployed, as reduced sensitivity. Additionally, many combination: of ir-
put frequencies may result in Interference in superheterodyne-type rec i-
vers due to the generation of signals at the desired signal freguency :: -
at the intermediate frequency. Any Inbut signal or combination of inp:
signals which results in the generation of the intermediate frequency -
the desired signal fra2quency may cause interference, since the generat: |
signal then progresses through the receiver in the same manner as the (-
sircd signal. Varlous combinatlions of signals which may ‘orm thzs inte:-
mediate frequency or signal frequency are shown in figure 3-130.

a. Broadband Interference. Broadband Inte.farence consists of impuise

or random rf energy exhibited over a wide frequency spectrum. The rest nse
of a recciver to this type of Interference Is dependent upon it: sensi (-
vity (gain) and bandwidth. High levels of broadband interfererce, how ver,
may also aenerate spurious responses In the same manner as two or more
narrowband signals by the same processes or a combination of these pro-
cesses. [oor rf selectivity may allow broadband energy components, ove:

a wide frequency range, to reach the mixer. To minimize the receiver r. -
sponse to broadband interference, precautions simil:r to those require:

to minimize other types of spurious responses shoul{ be undertaken, wi 3

3-222



N

TRANSMITTER
000 KC

T = CHANNMEL

HARMONIC
INTERFERENCE ~o

TRANSMITTER
306 KC

1=F INTERFERENCE
////

\\,/

ADJACENT _
INTERFERENCE

IMAGE

TRANSMITTER INTERFERENCE
10,004 KC /

P

TRANSMITTER
11,000 XC

Figure 3-130.

7"’; CO-CHANNEL ———-——""’""T
INTERFERENCE

O\ DESIRED SIGNAL \T TRANSMITTER
\ 10,000 KC
\ TRANSMITTER

10,000 KC
CROSS MODULATION
INTERFERENCE
RECEIVER TUNED \
10 INTERMODULATION
19, 000 KC
Lo e INTERFERENCE
1F5 300 KC
12,834 KC
10,000 KC DIFFERENCE
FAEQUENCY
TRANSMITTER
A 100xc | 240 IN1212-318

Potentie! Sources of Narrow-Band Interference

3-223




the additional consideration of maintaining bandwidth at the minimu:

quired to pass the desired signal Intelligence. High Q tuned circu!:

with a minimum of Spurlous resonances will minimize the peak energy

ching the first grid or transistor which could cause spurious respo.:s

b. Channel. A channel is defined as a band of frequencies of &

sufficient to contain a carrier and/or the minimum necessary sideba:

convey inte!ligence. The frequency spread of a channel will be dep-.

upon the ¢vz of emission from the transmitter; and the receiver's

" all bandpass must be sufficient to accommodate the channel width.

ample, In the case of amplitude modulation where the highest modula-

frequericy is 3.5kc, the channel width would be a minimum of 7kc so

accommodate the upper and lower sideband frequencies separated by t:

rier frequency. Therefore, a receiver designed to receive a signal

this type would require an overall minimum bandpass of 7kc¢ for prop.

peration as shown In figure 3-131A. In the case of single-sideband
duced carrier transmission with a maximum modulation frequency of 3

the channel width would be 3.5kc and a receliver would only be requl-
have an overall minimum bandpass of 3.5kc for proper operation as s:
in figure 3-131B. Frequency-modulated signals have a greater spect

width, and a receiver must have a sufficient pass-band to accept the

bands Involved. |f the spectrum width were 400kc, the required min:

fidth
Jds to
ndent

rare

i ex-
‘on

5 to

23 car-

5f
- o-

‘re-

.5ke) ,

;3d to

awn

5 i de-

aum

overall bandpass of a recelver for proper operation would be 4LOOkc . .

shown in figure 3-13I1C.

€. Linear and Non-Llnear Responses. When considering means for

lyzing recelver spurlous characteristics, It Is convenient to evalt-

the effects of Interference in terms of ''small-signal' responses o

signal'' responses. The mechanism of any interference-raducing sch-

(ofher than blanking) is that:

1} Interfering components of the undesired signal are removel

the bandpass of the susceptible receiver
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2) Non-linear effects, such as overloading and cross modulation,
are reduced by the sideband selectivity of the radio-frequen-

cy Sstages

when a signal Is small compared to the maximum signal for which a re-
celver Is designed, it is relatively safe to assume |inear operation of
the recelving device. Signals, which are large compared to the normal
signal level for wirich the receiver is designed, frequentiy will drive the
receiver into its non-linear reglon. Such non-linear operation gives
rise to & large number of spurious Interference'responses which would not

otherwise occur.

d. Self-Spurlous Responses. A self-spurious resnonse r:ay occt in

two ways:
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1) Two locally-generated frequencies, or their harmonicslnix in a
ncn-1inear stage to produce either the receiver tuned frequency
or the intermediate frequency

2) An oscillator harmonic coinciding with the receiver tuned fre-
quency or an intermediate frequency

Thus, in effect, the receivzi interferes with itself. This type of in-
terference occurs in multiconversion receivers where the basic oscilla-

tor frequency is multiplied to provide the desired mixing frequency.

(1) Harmonics of the local oscillator often provide the means for
spurious responses at frequencies well above the tuned frequen-
cy. These responscs may occur when, due to poor front-end
design or lack of consideration for response of the tuned cir-
cuits far out of the pass-band or tuning range, signals pass
through, or are coupled around, the rf-tuned circuits and mix
with a harmenic of the local oscillator to produce a difference
frequency equai to the if frequency. In some cases, a low-pass
filter in the output of the oscillator may be necessary. Low-
er oscillator power often reduces the harmonics also. Oscilla-
tor harimonics should be checked in the design or breadboard
stage and measures taken to reduce them. While normally lower
in level, oscillator harmonics, particularly in the vhf and uhf
range, become more difficult to contain by shieldinc and the
decoupling networks designed for the oscillator fundamental may
be Ineffective at the harmonic frequencies. This form of in-
terference will only occur when &1 input is present, but can
appear as co-channel interference to low-level desired signals
or garbled modulation of the desired signal. Careful shield-
ing and decoupling,as in the case of many other spurious re-
sponses, Is necessary to preclude this type of interference.
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3-31. Image Response

In a superheterodyne receiver there are two signal frequencties, one
higher and one lower than the local orcillator fréquency by an amount
equal to the Intermediate frequency. They may combine with the local
oscillator frequency in the first mixer to produce an if signal as shown
in figure 3-132. Either signal frequency may be selected by the rf cir-
cuits preceding the first mixer. The selected signal is termed the de-
sired signal, aznd the other signal is termed the image-frequency signal.
Without any pra-selection, the receiver will respond equally to signals
both above and below the local oscillator frequency. These responses
will differ from the local oscillator frequency by the if frequency.
This '"image'' interference is located at frequencies equal to the tuned

frequency plus or minus twice the intermediate frequency:

= + -
f, = (Fg X 2F,) (3-58)
where: fu = interfering frequency

fs = desired frequency

f‘f- intermedlate frequency

The appropriate sign is chosen depending on whether the local oscillator
frequency is above or below the desired signal.

a. The frequency response of a superheterodyne whose rf Input clrcui
is tuned to a frequency, Fs, of I,OOO keps, I's Indicated in figure 3-133.
First, assume that the oscillator frequency, fo’ is 1175 kcps and that
the intermedliate frequency, f;f, Is 175 keps. |If there should be an In-
coming transmlssion at the frequency f‘m = 1,350 keps, figure 3-133A, it
will cause a difference frequency of },350 - |,175, or 175 keps in the
converter stage aﬁd will result in a receiver response. Such an undesir
signal Is known as in image signal or Image, and the frequency fim = fﬂ
2fif 's known as the image frequency. The image rejection ratio of a r

ceiver is the ratio of the input required at the frequency f‘m to to.!
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required at the frequency fs to produce output signals of the same strength.
The image rejection ratio must be high for image-channel interferenc:, or
for image interference, to be negligible.

b. To secure a high image rejection ratio, the intermediate frequen-
cy should be made as large as other considerations permit. An intermedi-
ate frequency of U455 kcps Is used frequently in modern broadcast receivers.
As seen in figure 3-1338, the admittance, Y, of the receiver at the image
frequency of 1,910 kcps is extremely small. However, an increase in in-
termediate frequency generally reduces the selectivity and the stability
of the receiver.

€. Image response is minimized by increasing the selectivity of the
rf stages of the receiver by additional tuned circuits or additional rt -
stages. Careful design of the tuned circuits is necessary as in the case
of reduction of any other type of spurious response. I{f the rf input

response curve is made sharper, as indicated by the dot-dash curve in

3-228



|

I

|

I £, =075 '};;T“‘--—.___
JI 4 L —-> ¢

000 fim™ 1350 keps

A, IF= (75 KC

|
f; - s, —
“' '
f
f,-moo f,,-mss 'i,,.-lﬂlo
8. IF=yss KC IN1212-321

Figure 3-133. Image Frequency Response in a Converter

3-229



figure 3-1338, the image rejection ratio is increased. Howe =r, t.e ro-
sponse curve of the input circuits cannct be made toc narrow cr 3 le-iiand
clipping may then be encountered Tnhe tubes in a preamplifier, inn themn-
selves, do not contribute to the image-suppression qualities, so in many
instances, additioral tuned circuits may be add2d wi*hout necesxitating

rf amplification.

d. In the higher frequency ranges, where gnod ~f selectivi.y bzcomes
more difficult tc achieve, the choice of a higher if frequency (thereby
removing the image frequencies farther from the center frequency) is de-
sirable and often essential tu minimize image response. Double conver-
sion often be ;omes necessary to obtain an image frequency sufficiently
far removed from the center frequency. In this case, the first if fre-
quency 13 made as high as practical, with the second if at a lower fre-
quency to achieve the necessary gain. The rf-tuned stages, however, must
sti!ll be carefuily designed and checked for possibtle spurious resonances
which might occur even at a far-removed image frequency. Performing rf
selectivity measurements over only a very linited range, possibly down
to the 60 db points above and below the center frequency, is a common er-
ror. RF selectivity of a front-end design should be checked upward to at
least 2Xi7 above the S5th harmonic of the local oscillator (lo), and down
to the lowest frequency capable c¢f mixing with the basic lo frequency, to

insure minimizing image angd other spi'rious responses.

e. Another form of image response is produced when an undesired sig-
nal reaches the mixer znd mixes with a harmonic of the local oscillater.
A signal at a frequency if'f removed from a harmonic of the local oscil-
lator can produce an if signal out of the mixer and hence a spurious re-
sponse. At first glance, this would not appear to be a serious consider-
ation, since it concerns a signal far removed n frequency from the center
or tuned Frequancy. Howe'er, such responses have been recorded up to the
seventh harncnic of the local oscillator mixing frequency and at levels
as low as 50 millivolts at the antenna terminals of the receiver. This
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is attributed to two basic causes; excessively high oscillator harmonics
and po.r front-end design allowing signais, far out of the theoretical
nass-band, to reach the mixer. Such problems may be minimized by reduc-
tion cf local oscillator power, thus improving the waveform; or utilizing
a ‘owepass filter in the output of the local oscillator. Again, spurious
resonances, or coupling around the rf and mixer tuned circuits, are a
primary cause and should be carefully checked and corrected in early de-
sign or breadbcarding of the receiver front end. Clectrostatic shields
between windings of rf transformers, and other precautions to minimize
capacitive ccupling, aid in minimizing these responses. Minimizing lead
lengths throughout tuned circutts an1 avoiding common primary ard secon-
dary return leads, however short (which become increasingly inductive at
frequencies several times the centeir frequencv), also help reduce this
probiem. Where spurious resonances above the tuning range cannot be a-
voided due to inherent component limitations, then low-pass filters
should be employed, preferably ahead of the first rf stage. This prac-
tice also increases intermodulation rejection in the higher frequency

ranges.

3-32. Oscillators and Mixers

a. Combination cf Different Harmonics of the Signal and Oscillator.
Combhination of the interference signal and local oscillator narmonics of
different integers, of the form:

Imf . 2nf, = f o (3-59)

where* f = Jocal oscillator frequency

het
fu = interfering frequency

f = jntermediate frequency

if

results in Interference responses which are spread over the tuning range
in an irregular manner. This interference is due to the fact that the
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frequency changer, or mixer, does not have an ideal grid-voltage/plate-cur-
rent <haracteristic, and thus produces harmonic outputs.

b. Oscillator Multiplication. A cormmon design practice, especially

with crystal-controlled receivers, is to multiply the crystai frequency
to obtain the desired oscillator frequency. Consider the concribution

to the interference problem by multiplication. Assume that an oscilla-
tor frequency u.” 80 megacycles is desired, and that a fundamental crys-
tal Is to be used. Two stages of multiplication could be used, e.g., a
doubler followed by a doubler. Thus, the crystal frequency would be 20
megacycles. Unless elaborate measures are taken, such as using a double-
tuned amplifier stage between doublers and a double-tuned amplifier stage
between the second doubler and the mixer, the output will contain signals
of 20 mc and 40 mc as well as 80 mc. This provides two additional fre-
quencies at the mixer with which spurious responses may be generated. A
way to decrease the number of possible interfering frequencies is to de-
crease the multiplying factor (increase the crystal frequency) to as low
a value as Is practically and economically possible. Other methods of
veducing the interference phenomena caused by multiplication are:

1) Shield all oscillator stages

2) Decouple all plate and filament circuits

3) Provide multiple tuned circuits or bandpass filters so that the
undesired harmonics of the crystal frequency are not injected
into the mixer

€. Oscillator Harmonics. Harmonlcs of the local oscillator frequency
which may be generated In the mixer tube can combine with signals leaking
through the rf stages of a receiver in such a manner that their sum or
difference frequency Is equal to the if of the receiver. These differ-
ence frequencies represant spurious responses, and their occurrence may
be predicted theoretically. It Is sumetimes helpful to have a set of
quick reference curves to identify spurious responses. The combinations
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possible from all different types of receliver mixing are derived below.

Theoretical spurious response curves for commonly encountered if fre-

quencies of 455 ke, 10.7 mc, and 30 mc are used as examples. Refer to

figures 3-
tn

(a)

(b)

134 through 3-142 inclusive.

Derivation: Let fo be the local oscillator frequency, fi be

the if, fc be the frequency of the interfering signal, and fd
be the dial-setting of the receiver. The receiver will respond
to any signal that reaches the intermediate frequency stage.
That Is if: ‘

inf tf = f, (3-60)

a respcnse will occur. Here n Is an integer, and nfo is a har-
monic of the local oscillator frequency.

Receiver If's are designed to respond to either sum or diff-
erence frequencies. Therefore, three different types of re-
sponse are possible.,

Type A fo=f-fy (3-61)
Type B: fo = fd - f' (3-62)
Type C: f, = fd + fl (3-63)

If harmonics of the incom!ng signal are generated, it is
possitle to produce additional responses. These can be in-
cluded In the derivation by adding an Integer multiplier on
fc in the first equation above. However, this feature will
be omitted from this derivation since, at the present time,
these harmonics do not seem to be a serious source of spur-
ious responses.
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(c) For each type cof operation, the possible spurious response
frequenclies are obtained by subst:tuting the equation repre-
senting the type of operation into the first equation (3-60)
and sclving for fd. In each case, four equations are obtained
of which one or moie represent impossible conditions. The

usabte rosuicing equations are:

f
- ) _ _n=1 c -
For Type A: fy=—0 fo+—= (:-64)
n=1 fc
fa="n fi " (3-65)
fooml oo le (5-66)
d " n i n 2
n+! fc
For Type B: fg=—w— f - (3-67)
el oo T (3-68)
d n i n
f
fd ™ fl * (3-62)
For Type C: foe20 6y i (3-70)
ype L: d n R
f
[ n+)
fd -— -— fl (3-7)

de Mixers. The process of combining two unrelated signals to obtain
a third signal at the sum or difference frequency has been employed in
electronic devices for many years. The clircults which accomplish the com-
bining process generally produce unwanted products as well as the required
signal. The unwanted products are generated by nonlinearities within or
prior to, the mixing circult,and are classified as products of nonlinear

mixing.

(1) Linear mixing may be defined as that form of mixing which pro-
duces only the sum and diffarence freguency of the two input
fundamental frequencies. 1t produces no harmonics or other
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mixing products and is the desired, but thus far unattalined,
type of mixing. The analog muitiplier more nearly approaches
a truly linear mixer than any other known device, but only at

very low frequencies of operation.

(2) Nonlinear mixing is the form of mixing presently used for het-
erodyning two frequencies to obtain the sum or difference fre-
quencies. The resultant by~products of such mixing are the
sources of many spurlous responses. Considerable effort has
been directed toward the problems of nonlinear mixing for many
years. A major problem in establishing a mixer's conformity to
current theory appears to stem from the difficulty in obtaining
accurate =xperimental data. Many factors contribute to mea-
surement error in attempting to isolate the action of mixer non-
linearity. Depending upon relative rejection, the injected
harmonics of either the local oscillator or the input signal
can have a highly detrimental effect on the mixer messurement
accuracy. The same problems which are encountered in a prac-
tical receiver are generally encountered in attengting to per-

form accurate measurements.

(3) innumerable problems can ba generated within, or associated
with, the mixer, most of which are a result of the very mixing
process itself. It has been found that harmonics above the
S0th can csuse a response. On this basis, it would appear im-
possible to eliminate this phenomenon since non-linearity of a
mixer is needed to provide the frequency conversion and it is
this very non-linearity which generates the harmonics. How-
ever, several precautions may be taken in the mixer design which
will minimize the spurious response problems considerably.

(a) Llow injection wltages. A very low injection voltage from

the oscillator should te used. This will re.uce the power
of the higher oscillator harmonics, thus reducing spurious
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responses due to oscillator harmonics. In one receiver, it
was found that the number of spurious responses could be low-
ered from 101 to 28 simply by reducing the injection voltage
from 510 millivolts to 42 millivolts

(b) Isolation. Isolation should be used between the rf signal

and the oscillator signal. This can be done in several ways;
one is through the use of a double triode mixer; a second is
through the use of a multigrid mixer; and the third is through
the use of high-impedance coupling from the oscillator to the
signal grid of the mixer

(c) Balanced mixers. A balanced mixer can be used. This will

cancel the even harmonics of the applied rf signal which

tend to be generated in the mixer. The possible number of
spurious responses will thereby be reduced by one-half. How-
ever, it should be noted that, in this case, isolation between
the rf signal and osclillator signal would best be accomplished
by high impedance coupling

(d) Low-pass filter. Low-pass filters can be placed in the uscil-
lator output to the mixer

3-33. Adjacent Channel Interference

Adjacent channe! Interference arises from the interaction of an adja-
cent channel carrier and/or Its sidebands with a desired carrier and/or
its sidebands. This type of interference may result from inadequate rf
selectivity. When this occurs, the adjacent channel signal may be con-
sidered as arriving at the detector of the am receiver, or the limiter-
discriminator of the fm receiver, without prior distortion or the forma-
tion of Intermodulation products. In an am receiver, analysis can be-
gin with the summation of the two signals in an am detector such as the
square law detector, the product detector, the synchronous detector or
the perfect envelope detector; eor, for an fm receiver, a perfect limi-
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ter and simple discriminator, balanzed |linear discriminator or a homodyne

detector, etc.

a. In amplitude-modulated systems, the adjacent channel response is
characterized by the audible '‘cariicr beat', by ''nonkey chatter'' and by
""masking'' of the desired signal. The unintelligible interference in the
audio output known as ""monkey chatter' is a result of the inversion of
the speech modulatior of the urdesired signal. This inverted speech is
produced on :he desirad channel by the difference frequencies between the
desired carrier and the nearer adjacent channel sideband components. The
beat notes between the desired carrier and the other set of adjacent chan-
nel slideband components may he included, but usually their amplitude
level is low and their audio frequency so high that they are reduced to
a negligible quant,ty by the limited receiver audio passband. The mask-
ing effect of a strong amplitude-modulated signal may serve to improve
the apparent selectivity of the receiver if the strong signal is the de-
sired one. This effect may be enhanced by the reduction of carrier beat
and '‘monkey chatter' if the audio signal is "rolled-off'' at a rather low

frequency.

b. While adjacent channel Interference Is among the more serious prob-
lems encountered in military operations, there is little that can be ac-
complished In recelver design to minimize this type of interference other
than maintaining the overall recelver bandwidth at the absolute minimum
required to accomodate the particular type of intelligence to be received.
Proper tracking and alignment of the rf stages Is important. Frequently,
bandwidths are made wider than necessary merely to make rf, lo and mixer
tracking simple. More care in this area would greatly minimize the prob-
lem of adjacent channel Intsrference.

3-34., Desensitization Interference

Desensitization Is the resultant reduction in receiver gain for a de-
sired signal when a strong undesired signal is simultaneously received.
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a. In am communications receivers, blocking of a desired signal by in-
terfering pulsed radar speciral components usuilly occurs in one of the
late if stages; often the last if stage. in this stage, the interfering
pulse amplitude is great and large time-constants exist in grid circuit
charging networks wihich produce overload and pulse stretching. An indi-
cation that overload may arise is obtained from the following equation

when its solution is less than unity:

Signal L (output)

1.5n B, (internal) (3-72)

Interference (peak.

where :

B, (output) the effective bendwidth, in cps, of the receiver

at the output terminals

Be (internal) = effective bandwidth in cps, up to the point in

question in the receiver

3
]

permissible signal to interference ratio mea-

sured on an rms basis

R = pulse repetition frequency, in pulses per sec-
ond, of the pulsed radar interference

A receiver can withstand the greatest ratio of interference to desired
signal when the desired signal level is such that the tubes are opera-
ting in the linear portion of their transconductance curves.

b. When intensity-modulated displays are used in radar receivers,
video overload can occur in the presence of cw signals due to the limi-
ting used with this type of display to prevent defocussing on strong sig-
nals. Use of a high-pass filter between the second detector and the vi-
deo system to eliminate the dc component of the cw signal precludes the

possibility of video overload.

c. Intermediate frequency amplifier saturation can also result from
the presence of a strong cw signal. |f the amplifier is inadequately
shielded and decoupled, if oscillation may also result.
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3-35. Heterodyne Interference

Heterodyne interference is caused by an off-channel signal mixing with
a local oscillator frequency, its harmonics or other signals, to produce
one or more heterodyne freauencies within the if pass-band of a receiver.
This type of interference may be minimized by good design practices such

as recommended for reduction of image and other spurious responses.

3-36. 1F Rejection

Poor if rejection generally stems from failure to consider responses
far out of the receiver pass-band. |F rejection figures as low as 40 or
50 db are not at all unccmmon, even in receivers where other spurious re-

sponses may be well below these values.

8. In a uhf receiver, for example, it is typical for the designer to
employ small values of decoupling capacitors and/or inductances which
provide adequate insertion-loss in the receiver tuning range, but which,

at the if frequency of say < 'L of the tuned frequency, may pro-
vide an insertion loss of the order of 30 db less. Quite frequently, the
same low values of decoupling capacitors are used in agc and power cir-
cuits entering the If strip, so that strong signals at the frequency ap-
pearing at the rf stage are not sufficiently attenuated through these cir-
cuits. Since, In the majority of vhf and uhf receivers, most of the gain
Is schieved in the iIf amplifier, a relatively small amount of signal
coupled Into the first if stage Is sufficlent to produce a response. The
problem requires no extensive mathematical treatment. it is quite straight-
forward in that If a signal at the Intermediate frequency is only attenu-
ated 40 db betwsen the antenna terminals and the first if grid, then the
If rejection will only be 4O db down.

b. The same shielding and circuit isolation techniques, required to
preclude othsr spurious responses, will improve if rejection. However,
the major pitfall Is generally that the decoupling networks used in the
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rf and/or if section must employ large enough values of C to provide high
values of attenuation at the if, as well as the rf, frequencies. |If the
if amplifier is adequately shielded and ALL circuits (agc, power, etc.)
entering the if module are well filtered at the if frequency. then thcse
in the rf section are of less consequence, and smaller components may be
used. Feed-thru capacitors shculd be used in decoupling networks in if
ampiifiers as well as rf amplifiers if the if is in the megacycle range.
Larger values of by-pass capacitors which would theoretically provide
high attenuation at an if frequency of 10 mc, for example, if connected

by any anpreciable length of lead, may readily resonate well below that
frequency and thus be totally ineffective at the frequency which it was
intended to attenuate. |f two-terminai (by-pass) capacitors are used,
they should be of the extended foil type, with case ground and minimum
lead length connecting the '"high' side. (See Section || of Chapter 3 re-

garding suppression capacitors).
3-37. The Receiver as an Interference Source

All too often, designers fail to consider the receiver as a source of
interference to other receiving devices with which it might eventually be
employed in military operations. While consideration might be given to
spurious responses in the design of the receiver, rarely does the design-
er take extansive precautions against interference signal propagation
from the receiver. The seriousness of interference propagation from re-
ceivers is seldom appreciated by the designer, since it is not exhibited in
his own receiver. The designer might consider spurious responses, intermod-
ulation rejection, if rejection, etc., as serious in the receiver design,
but the spurious signal propagation from the receiver, which could produce
the same interference problems in an adjacent receiver as would poor spuri-
ous response rejection,is seldom considered. |f cne considers a countermea-
sure or electronic reconnaissance facility with, for example, twenty re-
ceivers, each monitoring a different frequency and each radiating local
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osclllator energy and its second harmonic, it can be seen that the poten-
tial interference problem to each receiver is equivalent to 38 spurious
responses. The probability of frequency cuincidence between other recei-
ver lo radiatlons and the tuned frequency of any one receiver is just as
great as the probability of coincidence of a transmitter signal and a
spurious receiver response frequency. There is also the matter of detec-
tion by the enemy of spurious radiation from tactical receivers which
would divulge location or mission information. The observation of '"radic
silence' is frequently required in tart.cal situations,but its purpose
can be readily negated by receiver emanations. Table 3-8 contains a
brief tabulation of a number of the more common sources of interference
emanating from receivers, the various means of propagation, and the pro-
bable causes or deficiencies which permit, and sometimes enhance, propa-
gation of interference from a receiver. These same deficiencies, which
allow interference propagation from a raceiver, contribute equally to
spurious responses and/or to receiver susceptibility. Design modifica-
tions made on a particular receiver have resulted in almost the same
magnitude of reduction of spurlous responses and susceptibility as was
achieved in the reduction of spurious signal emanations.

a. Llocal Oscillator Radiation. Local oscillator signals appearing a-

cross the antenna terminals of a receiver are generally the more serious,
insofar as Interference to other receivers is concerned. However, in
areas of high concentration of receivers, such as in a forward area com-
munications center, antennas may be sufficiently close to other receivers
so that redlation from cases, wiring, etc. may cause serious interference.
This Is similarly true In drone and missile applications, where equip-
ments and antennas are in close proximity with ilttle or no shielding be-
tween antennas and wiring or equipment housings.
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(1)

(2)

(3)

Local oscillator radiation from the antenna Is due to coupling
of oscillatur signal energy back into the first rf stage. |If
no rf stage is used, that Is, if the input feeds directly into
the mixer, the problem of isolating tne oscillator signal from
the antenna becomes difficult, if not impossible, since it is
dependent entirely upon the Q of a single-tuned circuit. Multék
ple double-tuned circuits can be employed without amplification,

but would introduce losses.

in variable-tuned receivers, it becomes quite difficult to pro-
vide sufficient attenuation of the local oscillator signal with-
out use of rf stages. However, in fixed-tuned receivers it is
possible to employ sharp band-pass filters ahead of the mixer,
a lo rejection filter, or a low-pass or high-pass filter, de-
pending upon which side of the tuned frequency the oscillator
operates. In any case, careful shi< ding must be employed,
since no filter Is any more effective than the shielding pro-
vided between Its input and output. The same principle applies
to tuned clircults in each rf stage, and the oscillator circultry
as well. The flelds around the oscillator coils, and all asso-
clated clrcultry inciuding those around the tube or transistor,
must be confined by adequate shielding. Each power ard/or
control lead entering the local oscillator enclosure must be
decoupled, using elther R-C or L-C networks. Where dc voltage
drop is a factor (and where space permits), L-C filter; should
be employed. In the uhf range and above, inductances may be-
come resonant because of distributed capacitance, and RC net-
works may be necessary. Resistors must be chosen on the basis
of their rf characteristics a'so. FllIm types,or thin ''stick"
resistors with minimum shunt capacitunce,must be employed.

The same techniques of confinement and filtering employed
throughout the lo, mixer and rf stages will reduce lo radiation

3-254




from the case and external wiring. These measures, combined
with low local oscillator power and good oscillator waveform
to reduce harmonic content will, when properly employed, sub-
stantially reduce the problem of local oscillator emissions
from the receiver. These same techniques, combined with care-
ful design of the tuned circuits, are alsoc necessary and will
also be quite effective In reduci: 3 spurious responses. Fig-
ure 3-143 shows the rf section of the same receiver depicted
earlier in figure 3-126 with design modifications included to

minimize local osciliator radiation and spurious responses.

b. Intermediate Frequency Signals. Radiation and conduction of if

signals from a receiver is probably one of the most frequently ignored
aress and one which has been found to produce serious compatibility pro-
blems in several complex recelving systems. In one case, a 60-megacycle
if signal was found to exist on almost completely unrelated circults
within the system, and was causing interference problems in certain auto-
matic functions. Levels, equivalent to 1000 uv/m and 100 uv/m at 60 and
120 megacycles (2nd harmonic of the same if) respectively, were observed
to be radiating from several points within the system. This was attribu-
ted to poor shielding of housings and wiring, and inadequate filtering of
power and other circuits entering the If amplifiers. The decoupling em-
ployed to prevent fesd-back or oscllilation does not necessarily prevent

If signals from being conducted out of the latter stages and coupled into
other wiring, or simply radiating from a poorly shielded housing. Neither
does It necessarlly preclude entry of signals at the If frequency into

the early if stages, causing susceptibllity at the if frequency. The de-
coupling CAN, however, be so designed as to serve both functions with very
little additional effort and few additional components. I(f interstage
decoupling is to be employed internally within the if chassis, (in a B+
circult for example), then the power feed should not enter at an early
(high gain) or last (high signal level) stage, but rather at an interme-
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Figure 3-143. Typical VHF Recelver Design to Minimize LO Interference
and Spurious Responses
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diate stage, at which point neither sensitivity nor signal level are max-
imum (see figure 3-14l). This simplifies the decoupling network and takes
advantage of the interstage decoupling required, in any case, for proper op-
eration. |f Interstage decoupling is not employed within the if chassis

or module, then the decoupling methods shown in figure 3-145 should be em-

ployed.

(1) L-C decoupling, as illustrated in figures 3-14k and 3-145, is
necessary in filament circuits; while in agc circuits, R-C
networks are more appropriate since voltage drop is not a fac-
tor. In any case, each lecad entering the if chassis or enclo-
sure must be decoupled by either L-C or R-C networks. This in-
cludes If gain control if used to control if bias.

(2) The output of the second detector must also be carefully fil-
tered to attenuate the if signal energy, whether the output Is
a video or audio signal. The high-level if output signal can
be coupled around or through the detector and be conducted out
to extarnal wiring, as well as coupled into power, audio, or
other circuits which mightmt be shielded as well as the if
amplifier. Therefore, careful filtering at this point Is im-
portant.

c. Power Supplies ard Electromechanical ODevices. )nterference reduc-
tion techniques for power suppllies, relays, and other electromechanical
devices are covered in considerable detail in Sections 11l and IV of this
chapter. These methods apply equally to receiver power supplies, control
circultry, relays, etc.

(1) 1f the source suppression measures heretofore discussed with re-
gard to containment of receiver signals are employed, then ad-
ditional precautions to preclude rf signal propagation throuy..
the power supply is unnecessary. Filtering can then be designed
to cover only the frequency spectrum of the power supply diode
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Figure 3-i14h. Typical IF Decoupling

Figure 3-145,

Typical Alternate IF Decoupling
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o

(2)

(3)

()

switching pulses.

If these design features are not employed, then it must be as-
sumed that any signals present within the receiver wili be cou-
pled back into the power supply and into the input power cir-
cuits to be radiated or conducted into other equipment. It is
commonly believed that solid-state power supplies provide rf
isolation; however, this is rarely the case. Therefore, if rf
~ignals (lo, if, etc.) are allowed to propagate within the
chassis, then power supply input filters must be used which are
effective up to the highest frequency of the signals present
within the receiver housing. Under these conditions, the over-
all receiver housing must be a complete ri-tight enclosure to

prevent radiation.

One particular electromechanical device often employed in recei-
vers Is considered worthy of specific mention -- the thermosta-
tically-controlled oscillator crystal oven. These devices are
proilfic sources of broadband Iinterference and also a source

of coupling of the oscillator signal out of the oscillator mo-
dule or enclosure. Not only Is this a source of Interference

to other equipments, but has often been found to produce inter-
ference within the receiver In which It Is contained. Not only
must the switching transient be suppressed at the thermal switch
itse!f, but the heater conductors must also be filtered adequate-
ly to suppress the oscillator signal which would otherwise be
coupled out on the heater lines.

Proportional type heaters (rather than th2 thermal switch type)
are avallable which eliminate the switching transient and are
highly recommended for this purpose. However, it must be re-
membered that, although not itself a source of interference,
the heater circuit s capable of conducting oscillator signal

energy out into chassis wiring.

3-259




3-38. PRF Discrimination

When a victim radar is sxposed to pulse interference from another ra-
dar or pulse source (a 'culprit'') whose pulse repetition frequency is
nearly equal to a multiple or sub-multiple of its prf, a '"running-rabbit"
type of Interference pattern appears on the victim's ppi. Typical pat-
terns are shown in figure 3-146A, where the victim's prf is just below
the culprit!'s (fv < fc), and in figure 3-146B, where the victim's prf is
slightiy higher than the culprit's (fv > fc). Sometimes,radars are oper-
ated In close proximity so that complete elimination of the interference
is not feasible. By closely examining '""'running-rabbit!' patterns and ap-
plying nomographs that describe running-rabbit parameters, a victim can
determine the prf of the culprit, thus obtaining a clue to the culprit's
identity.

2. Pulse Delay. One method of eliminating pulses with repetition
rates different from a victim radar is to dslay each incoming pulse by
the repetition period of the radar and allow it to be displayed only if
it coincides with the next incoming pulse. A simplified block diagram
for accomplishing this is shown In figure 3-147.

() ¢, <f, (8) f,>f,

IN1212-334
Figure 3-146. Running-Rabbit Patterns
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Figure 3-147, Simplified Block Diagram of a PRF Discriminator Circuit
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(1) A detected Incoming pulse envelop modulates a 10-mc oscillator
which drives a supersonic delay line. The material and length
of the line determine the time delay of the pulse as it travels
down the line. For examp!e¢, with a repetition rate of 1050 pps,
the delay would be equal to 73%3_— = 952 microseconds. The
delayed pulse and the succeeding undelayed pulse then enter the
coinclidence stage. Only if both pulses arrive at the same time
are they allowed to pass to the video amplifier and indicator.
Pulses, whose repetition periods do not equal 952 microseconds,
will not arrive together at the coincidence stage and, there-
fore, will not enter the video amplifier.

(2) In cases where the parent radar has a staggered prf, a delay
line for each prf can be used, and the proper delay line switched
into the circuit in synchronism with the radar's prf generator.

(3) Other useful prf discriminator circuits exist. Some of these
are: video integration and slowed-down video. A simple block
diagram of a video integration circuit is shown in figure 3-
148. The Integration method utilizes supersonic delay lines to
store target returns, which are then fed back to the input of
the delay line where they add to succeeaing incoming pulsas.
This continues until a desired threshold is reached, whereupon
the pulses pass through the amplitude selector to the video
amplifier. Pulses of incorrect repetition rate will not coin-
cide and add, and therefore, will not build up to the threshold
level. Slowed-down video also uses a delayed video process,but
matches a number of successive pulses for time coincidence. A
definite, fixed quantity of colncidencas (up to 8) can be requtb
red before the signal Is allowed to pass to the indicator.
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b. Double Threshold. Th. '"Jouble-threshcld' method of detection

uses prf discrimination. A certain fraction of expected target echoes

Is required to exceed the receiver threshola at the !'"precise' pulse
repetition frequency before a target is declared preseat. For example,
16 echoes might be expected from a target as the main beam rweeps past,
and the second threshold might be set at 8 pulses received at the pre-
cise transmitter prf. ''Precise!’ in the avuve statairents can be taken to
mean that the prf of the accepted signals cannct Jevizta from that of

the transmitter by more than 0.01 or 0.02 per-cent. Otherwise, the in-
coming pulses would ""walk through'' the acceptance time intervals before
the :riterion of filling the 8 gates was satisfied. In video or post-de-
tection integration, supersonic delay lines ara used tc store target echo
pulses. These pulses are fed back to the vide> input and added until a
desired threshold is attained. |f the time of arrival of successive pul-
ses does not correspond to the Interpulse period, no integration takes
place and a target Is not declared to be present.

€. Random PRF Emission. Deliberate prf jitter, in conjunction with
receiver gating, can ald in avoiding other emissions with relatively sta-
ble prf's. In other words, If periods between pulses are staygered in a
random or near-random fashion, and recelver gates are se=t to be open dur-
Ing these Intervals, the probabllity of a stable prf entering the gates
often enough to cause degradation Is extremely small. The Interference
condition that such prf ldentification techniques are not designed to
overcome is that of a nearly ldentical Inteifering prf. For this case,
it Is most desirable to have a cholce of oparating crfis available to
the operator. Even then, it may not be possible to find a clear prf in
a dense signal environment. Aiso, the equipment for prf discrimination
techniques is usually bulky anJ expe..sive. The techniques usually result
in some range reduction. Therefore, prf discrimination is not a cure-all
and should be used in conjunction with other methods in high-density en-

vironments.
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d. Pulse-Width Discrimination. Two types of pulse-width discrimina-

tors are generally used. One type, known as an integrator-discriminator,
generates a ranp which continues to rise for the duration of a delayed in-
coming pulse. If the pulse is wide enough, the ramp reaches a preset
threshold i1evel and a gate allows the original pulse to pass on to the
indicator circuits. In this way, the circult discriminates against pul-
ses of less than a specified duration. Figure 3~149 shows a block dia-
gram of a circuit which accepts pulses whose durations lie within defi-

nite lower and uppar limits.

(i) The detected video pulse from the parent radas controls the dur-
ation of a ramp produced by the ramp generator. |f the pulse
Is wide enough, the ramp passes through the amplitude selec-
tor to producc a trigger. This trigger actuates the gate gen-
erator, which turns on the gated video amplifier. The recei-
ver pulse, wiiich was delaved awaiting the above pulses, then
passes through the video amplifier to the indicator. If the
detected video pulse is wider than the parent radar‘s pulse,
the ramp continues to fall at the output of the cathode follo-
wer. |t reaches the preset threshold of the second anplitude
selector and then nullifies the effect of the trigger ~n the
gate generatc.’; thus, no gy te is produced. The gated video
amplifier renains shut-off; and the wide pulse does not ree:h
the Indicatcr. The setting of the amplitude selectors in this
circult determines the minimum and maximum pulse widths that

will be accepted.

(2) Another type of pulse-width discriminator uses delay |ines,
generally as reference standards, to which the width of the in-
coming pulse is compared. A simplified block diagram of a cir-
cuit which rejects pulses with durations outside fixed low and
high 1imits Is shown in figure 3-150. Its operation is explained
by using the waveforms showﬁ in figure 3-151. A desired pulse
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width of 2 microseconds will be assumed. The 0.2-microsecond
delay line, shorted at its output, transforms an Input pulse

to two pulses, each of 0.4 microseconds, twice the duration of
the delay line. The leading edge of the first pulse starts at
the leading edge of the receiver input pulse. The second pulse
starts at the trailing edge of the receiver Input pulse. These
pulses are inverted by the amplifier and transmitted down the
l-microsecond delay line. They reappear at point (3), inver-
ted, 2 microseconds later. Of the three pulse-widths shown,
only the 2-microsecond input pulse overlaps at point (3) to
build up to the amplitude discriminator thresho!d. This, in
turn, triggers the gate generator, which turns on the gated vi-
deo amplifier, allowing the 2-microsecond pulse to pass to the

indicator.

3-39. Instantaneous Automatic Gain Control

A situation that arises often enough in radar systems (and possibly
also in other pulse applications) to demand special consideration is
that In which interference in the form of a cw carrier or an amplitude-
modulated wave is present. |f the amplitude of the interference is small
comparad with the desired pulse signal, it is ordinarily sufficient to
provide adequate gain control. Whers the relative amplitudes are reversed,
however, additional design features may be uteful. These features act
in such a way as to preserve the incremental gain of the receiver for
the desired pulse, while greatly reducing the response to the interfer-
ing signal.

a. Suppose that the desired signal is made up of a carrier frequency,
amp!itude-modulated by a rectangular pulse. [t Is convenient to focus
attention on the if amplifier, and therefore fo may be assumed to be in
the neighborhood of an intermediate frequency, say 30 mc/sec. For ordi-
nary pulse lengths, such as | usec, the signal then consists of approxi-
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mately 30 oscillations. Suppose,also, that the interfering signal is a cw
carrier of frequency f'. \f (fI - fo)‘> 1 mc/sec, the envelope of the
combination -- signal plus interferance -- will exhibit at least one com-
plete cycle of the difference frequency (fl - fo). If, however, (f'-fo)
<< | mc/sec, the envelope of the combination wili be essentially the
steady value char-:teristic of the cw carrier with a rectangular pulse
suparimposed on (t. According to the relative phase of signai and in-
terference, the resultant may be either larger or smaller than the cw
Interference; therefore,the envelope may appear to have either a positive
or a negative pulse of amplitude equal to that of the signal, or there
may be any Intermediate condition. |f repeated pulsas are viewed on an
oscilloscope in the presence of such interference, all values of the re-
lative phase between signal and interference are run through, and the
pattern appears to be filled in as shown in figure 3-152B. It is apparent,
therefore, that for part of the time at least, there is a change in the
amplitude of the envelope of signal plus interference, which is compar-
able in magnitude to the amplitude of the signal alone. |If this change
in envelope can be preserved, the signal may be recovered from the in-
terference.

b. The phenomenon of if overloading is well known. It will be re-
called that If the input vs. output characteristic of a single if stage
Is measured, a level of Input signal Is easily found such that increase
in input produces no increas: In output. I[f this stage Is so placed in
the re:eiver that the level of the iInterfering carrier at its grid is in
tkis region of no change of output, it is plain that the signal pulse su-
perimposed on the carrier envelope will be entirely wiped off and the
signal will be lost.

€. Two procedures might be adopted to combat this signal loss. The
first, reduction of gain ahead of the point at which overloading occurs,
is effective, but has the disadvantage of reducing the size of the desired
signal at the receiver output. The second procedure is provision of back-

3-270




A. IF SianAL C. SECOND DETECTOR SIGNAL

8. IF SIGNAL + INTERFERENCE 0. SECOND DETECTOR SIGNAL + INTERFERENCE
IN1212-340

Figure 3-152. Waveforms of Signa! Plus Interference
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bias in some form. An additional blas voltage is added between grid and
cathode. I|deally, the magnitude of this bias should be comparable to

the peak voltage, or envelope, of the interfering carrier at the grid of
the tube in question. In this case, the peaks of the waves of the inter-
ference come to approximately the normal quiescent point of the stage,
and changes In the size of the peaks are preserved.

d. Probably the simplest circuit that may be considered for this pro-
cedure is obtalned by increasing the size of the normal cathode resistor
to the point where the tube acts as an infinite impedance detector. To
prevent excessive loss of gain, the resistor is bypassed for the Inter-
mediate frequency. Normal operating current in the tube may be obtained
by returning the cathode resistor to a negative voltage, or the grid cir-
cuit to a positive voltage This simple circuit suffers from two disad-
vantages. First, It is 4!fficult to secure enough bias voltage. In order
that the bias be equal to the peak voltage of the interfering carrier, it
would be necessary to achieve unity detection efficiency. A large value
of cathode resistor and bypass condenser would then be required. To ob-
tain normal gain from the stage In the absence of interference, normal
values of cathode current must be used, thereby setting a limit to the
size of the cathode resistor. The second difficulty erises from the un-
desirable time~constant of the cathode resistor and bypass condenser.

If a strong signal, such as a block of normal echoes, ends suddenly, the
cathode bypass condenser will be left charged to a positive voltage which
It can dlscharge only through the cathode resistor, since the tube will
be cut off. This discharge may take several microseconds, during which
time the iecelver is Insensitive to weak signals.

3-40. Limiters

Limiters, as their name Iimplles, are primarily restrictive devices and
it can be expected that distortion will result from their use, particu-
larly when the Input exceeds the limiting threshold. Limiters of the in-
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stantaneous noise-peak type generally distort the output whenever the
modulation of the incoming signal exceeds a definite percentage. The
effects of this distortion can be intensified by the transient dictor-
tion characteristics of the audio amplifier. |In general, it s very
desirable that either triode tubes be used in the audio amplifier, or
that a degree of degenerative feed-back be provided which will be great
enough to prevent '‘hang-over' or oscillations due to insufficient dam-

ping of the output circuit.,

a. A good limiter of the instantaneous noise-peak type should cause
little or no distortion belcw the modulation percentage at which its
limiting action begins. Above this point, it should cause a very consi-
derable increase in distortion with increase in rodulation depth due to
effective limiting of the output wave on one-half cycle. Distortion,
caused by output limiters in either rf or af amplifiers, may be consider-
ably reduced by the filtering action of tuned circuits, or by low-pass
filters following the limiter. These remedial measures are generally

useful, however, only for cw reception.

b. Peak-noise limiters may be of either the shunt or series type.
In general, it has been found that the series type of limiter is more
readlly applicable to existing equipments. The series limiter is one of
the simplest types of noise reduction networks. It Is also one of the
most useful. It Is usually used in the af section of the recelver be-
tween the second detector and the first af amplifier. The basic series
limiter and two modifications are presented.

(1) Basic series limiter. The basic serles limiter clircuit is
shown in figure 3-153. The limiter operates as follows: A
dc rectified voltage appears across R' and R2 as a result of
the If carrier. The cathode of 0, is then negative with re-
spect tc ground by the amcunt of this voltage. The plate Is
positive with respect to the cathode by one-half this voltage.
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(2)

(3)

This causes the diode to conduct since its resistance Is low
compared to the rest of the circuit. The output coupling ca-
pacitor is then connected to the junction of Ry and R, through
conducting Dy This allows the af signal to be fed from the
detector D) to the af amplifier. Under these conditions, C2 Is
charged through Rh to a point slightly mare negative than the
plate. The time-coastant of this circuit is lony compared to
the time-constant of the plave circuit; tnzrefcre, if a high-
level noise pulse is received, it will drive the piate nega-
tive before the cathode can follow, and the diode will stop
conducting. This thenr limits the pulse. The pulse is usually
not of long enough duration to allow the cathode to go to its
full regative potential; the plate will then assume a positive

voltage with respect to the cathcde and D, will conduct again.

2
Modification of basic secies l:miter. Figure 3-ichk Is & medi-

fication of the basic circuit in that it has a potentiometer
substituted for fixed resistor R‘. This allows the limiter
threshold to be varied from about €55 modulazion down to zero.
This is done by changing the voltage of the cathode with re-
spect to the plate of Dz. This circult also contains another
diode, 03. shuni.ed across R3 to buck the internal potential

of the limiter diode. This potential reduces the effectiveness
of the limliter at low carrier levels by raising the limiting
threshold. The voltage across R3 will keeap the diode at cutoff
except at weak signals. This diode does however, add some dis-
tortion and may be removed If distortion cannot be tolerated.

Lov=loss modification of basic series limiter. A low-loss
modification of figure 3-153 is shown In figure 3-155. The
plate and cathode connections of D2 are reversed. The cathode

Is biased negative with respect to the plate by a connection to

‘ N
the junction of R, and R3 through Rh and RS. Rh’ C2 is the long

2

3-275




o- — [
. % T e
!

¢
Il
17
— W\ VA A
Ry Ry
|1 -
11
[ cy
Rs
L { | —» OUT
0
2 €3
AN
e IN1212-343

Figure 3-155. Low-Loss Modification of Basic Series Limiter

3-276




(4)

time-constant cachode circuit as in figure 3-153; and RS is the
cathode load resistor for Dz. R' is an rf filter element. The
limiting action of this circult is identical with that of figure

3-153.

Summary. The limiter with its modifications is effective in re-

ducing the high-level pulse interference. Figure 3-153 has the
disadvantage that it only allows about one-half of the output
of the detector to be fed t~ the af amplifier. This affects
only the reserve gain, and not the sensitivity of the recei-
vers. As previously mentioned, diode 03 of figure 3-154 will
allow limiting at lower carrier levels, but does add some
distortion to the audio output. Figure 3-155 allows more of
the signal to be fed to the af amplifier than figure 3-153,

but like figure 3-153 has no means of controlling the limiting
threshold.

Interfering pulses frequently can be of the same order of intensi-

ty as desired pulses, and limiting circults can reduce (or partially dis-
criminate against) large undes’red pulses. When the relative magnitude
of the anticipated signal Is known, techniques exist to discriminate a-
gainst much stronger and much weaker signals. Sensitivity, time control,
and automatic overload control are other examples of this approach.
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Section V1. TRANSMITTERS

3-4)1. General

Transmitiers, in general, are not susceptible to interference, they may,
however, produce considerable spurious interference. The inte-ference
generated in a transmitter is usually categci.zed as spuricus and har-
monic emissions from tie case, leads and antennas; transmitter noise;
sideband splatter; and intermodulation. These and other categcries of
transmitter interference are described, as are optimum transmitter de=-

sign and interference suppression data.
3-42. Transmitter Interference

Interference arises when off-channel transmitter signals produce on-
channel responses at a receiver tuned to a frequency other than the trans-
mitter fundamental emissiun frequency (which is defined as the center fre-
quency of an assigned channel). Fundamental emissions are those rf emiss-
fons within the assigned channel; spurious transmitter emissions are any
rf emissions appearing at the transmitter antenna at frequencies outside
the assigned channel; and harmonic emissions are spurious rf emissions
that occur at an integral multiple of the fundamental emission frequency.
Spurious emissions from transmitters can be categorized as self-spurious
(emissions arising from internal sources within the transmitter), and ex-
ternal spurious (emissions arising from the presence of interfering sig=
nals from other transmitters). There are five primary sources of spurious
signals in transmitters. They are: low-level osciilator and multiplier
stages with frequencies that are fractiona! multiples of the carrier fre-
quency; power amplifiers with frequencies that are harmonics of the carrier
frequency; mixer,or frequency synthesizing stages, with frequencies that
are not directly related to the carrier frequency; parasitic oscillations
in any stage; and noise. Spurious voltages, generated in a particular
stage, such as a multiplier or power amplifier, are primarily dependent

upon:

1) The nonlinear operation of components where current fluctuates:

for example, electron tubes, transistors, and diodes
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2) The impedance presented to the plate of a tube by passive cir-

cuitry

3) The input voltages to the grid of a tube, including all spurious

voltages from the previous stage

a. Direct Emission. Direct emission is the emicssion of electro-

magnetic energy at any frequency and from any location on the trans-
mitter other than the antenna; this includes transmitter-housing (case)
emission as well as feeder-line emission. Radiated interference can
emanate from any discontinuity in the transmitter housing; conducted in=-

terference can propagate along any conductor passing into the transm;tter.

b. Harmonic Emission. Harmonic emission is amission at a radio fre-

quency that is a fractional or integral multipie of the frequency of tte
fundamental, or base-frequency, oscillator. Undesired harmonic and sub-
harmonic frequencies in the transmitter output spectrum are generated

in some nonlinear 2lement in the transmitter itself (cenerally in the
output stage). Any distortion of the ideal sinusoidal wave-shape pro-
duces harmonics that are undesirable from the interference standpoint

and represent definite power loss and lowered efficiency. The funda-
mental frequency, and fractional or integral multiples of the fundamental,
may appear in the output spectrum. The most common of f=-frequency signals
that cause interference are harmonizs of the basic oscillator frequency.
In cases where magnetrons are the basic oscillators, there may be several
spurious frequencies that are not related to the carrier frequency. A
common practice in transmitter design is to employ an oscillator of re-
latively low frequency and then muitiply this frequency using one or more
multiplying stages. During this process, harmonics of the bsse frequency
are al o multiplied. The frequencies of these spurious signals (fs) can

be determined as follows:

nf° = Nf°

where: n = the order of the harmcnic of the oscillator frequency, fo

N = the number by which the base frequency has been multiplied
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C. Parasitic Emissions. Parasitic emissions are emissions at radio

frequencies that are ~ot harmonically related to either the fundamental
frequency or the intermodulation products. Parasitic emissions occur
when a circuit is excited and goes into oscillation at a frequancy other
than the desired one. These emissions include shock excitatio.: due to
internal transient phenomena and excitation of circuit components due to

the carrier signal.

d. Splatter.

(1) Splatter. Splatter is emission, falling outside the assigned
channel, that results from the modulation of a carrier wave.

(a)__Angular modulation splatter. Frequency and phase modulation

systems theoretically generate an infinite number of side-
bands. The significant side-bands (those with amplitudes
greate- than =40 db, referred to the unmodulated carrier) in-
crease with the modulation index. The modulation index of
2 frequency-modulated signal is directly proportional to the
modulating signal amplitude and inversely proportional to
its frequency. The number of significant side-bands decreases
as the modulation signal frequency increases, assuming a con-
stant amplitude signal input. The bandwidth, occupied by the
significant side-bands of a frequency-modulated signal, is
equal to twice the frequency of the highest side-band. This
frequency is given by the number of significant side- bands,
muitipliod by the modulating signal frequency. Since the
number of significant side-bands ducreases with increasing
frequency, the bandwidth of the frequency-modulated signal
tends to remain constant. The number of significant side-
bands in a phase modulation system is independent of the
modulating signal frequency. The bandwidth, occupied by the
side-bands, increases linearly with increasing modulation fre=
quency for a constant amplitude signal input. |In either case,
the designer must select parameters that will ensure contain-
ment of all significant side bands within the assigned
channel.
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(b)__Amplituce modulation splatter. When the amplitude of an rf
output is not directly proportional to the amplitude 6f the

modulating wave, the modulation envelope is distorted. This
distortion causes naw frequencies to be generated, that com=
bine with the carrier to form new side-bands. Side-bands,
caused either by distcrtion of the modulated wave or by non-
iinear operation, widen the spect.um occupied by the modulat-
ed signal. When an rf output does not have an envelope di-
rectly propcrtional to the amplitude of a modulating wave,
side-band distortion and splatter are produced. The output
waveform, M(t), for sinusoidal plate modulation is of the

form:

2 2
M(t) = [l + b'm cos o t + b,m” cos @+

(3-74)

b m3 cos3 Wt oo + b mn cosn w t cos w t
3 m n m c

where: m = the modulation coefficient

- the modulation radian frequency

W, = the carrier radian frequency

The b's in the expansion are determined by the curve-fitting
process. |f this expression is expanded into all of its fre-
quency components, not only do the carrier frequency, @, »

and the desired side-bands, W, X &, 8ppear, but spurious
side bands at W, X Mo, N # 1, also appsar. This method can
be used to predict accurately the amplitudes of the splatter
side-hands of typical plate-modulated transmitters; it re-
quires an accurate curve of rf output versus plate voltage.

e. Transmitter Noise Emission. Transmitter noise (including hum,

vibration, thernal noise) is that modulation of the carrier that is

caused by noise generated in the various rf stages, together with noise
from the audio system and power supply. The type of interference pro-
duced by trensmitter noise does not have a characteristic audio output
in @ receiver being interfered with and is,therefore, not easily recog-
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nized. The output of any oscillator consists of discrete and continuous
spectrums. The discrete spectrum comprises the desired frequency and
its harmonics; the continuous spectrum is noise that results from such
areas as oscillator frequency jitter, power-supply noise, and tube noise.
Interference from the continuous noise spectrum is primarily adjacent-
channel interference; it may, however, extend over a considerable number
of channais for a high=power transmitter. In general, this noise does
not degrade the desired signal appreciably because the depth of modula~
tion or deviation due to noise is smail when compared to the desired
modulation. The ampliitude of noise side-bands decreases rapidly with
frequency Serc.ation from the carrier; however, it is possible for por-
tions of the noise side-bands to extend into adjacent channels and be of
sufficient magnitude to cause interference. Class C amplifiers tend to
produce less noise output than linear amplifiers, and transmitter noise

increases as the transmitter frequency increases.
f. Jransmitter Intermodulation.

(i) Transmitter intermodulation emission results from the inter-
modulation products formed by mixing two or more components
of a complex wave in a nonlinear stage within a transmitter.
Intermodulation products are significant because they effec-
tively extend the spectrum of out-of-band emission by the trans-
mitter, thus increasing the likelihood of off=-channel inter-
ference.

(2) A prerequisite for rf intermodulation is the presence of two
s!gnals and @ nonlinear circuit element. |f two or more sig-
nals are impressed on a nonlinear element, mixing occurs in
such @ way that all the harmonics and all of the sums and dif-
ferences of all the combinations become potential signals. In
the case of communications transmitters, the antennas may re-
ceive interfering signals that are conducted into the trans-
mitters through the transmission lines. Once such an inter-
fering signal reaches a nonlinear element such as a power
emplifier, it can ceuse the generation of a broad band of inter-
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(3)

(4)

modulation products and its own harmonics. The magnitudes of
the resulting signals are dependent upon several factors, in=-
cluding the impedance of the circuits they encounter, the
characteristics of the nonlinear elements, the relative strengths
of the mixing signals, and the rf bandpass characteristics of

the tuned circuit(s), transmission line and antenna involved.

There are two types of transmitter intermodulation: audio and
radio frequency. Audio intermodulation occurs in the modulator
and rf stages, and may produce extraneous components in the
passband and adjacent channels. Radio-frequency intermodulation
requires the presence of an undesired signal, either internal

or external to the transmitter, which may produce radiation at
the undesired frequency, plus and minus multiples of the fre-

quency spacing between the desired and undesired frequencies.

The final amplifier stage of a transmitter is usually biased
to operate in a nonlinear fashion, making it an efficient gen-
erator of intermodulation products. The mathematics of the
generation of intermodulation products In a transmitter are
very similar to those of receiver intermodulation; however,
transmitter intermodulation is produced primarily by signals
that enter the piate rather than thoss that enter the grid
circuit. Only one external signal is required for transmitter
intermodulation product generation. The frequency of such a
signal, which differs from the desired signal frequency by
only a few hundred kc, may be passed by the transmitter out-
put circuitry at an amplitude sufficient to produce serious
intermodulation products when mixed with the desired signal
fundemental or its harmonics.

intermoduiation products of three orders may be generated with-
in a transmitter output stage: the first, primary mix inter-
modulation, results from mixing of the harmonics of a desired
signal and an interfering signal; the second results from mix-
ing of the fundamental desired signal with harmonics of the

3-283




(6)

interfering signal within the desired signal transmitter; and
the third occurs when harmonics of the desired signa! and har-
monics of the interfering signal == both of which are generated
in the output stage of the desired signal transmitter -- mix.

All three orders can be identified by:

Fomfy+ (-%) afor f = f, - (N—;'—) N; (3-75)

where: f

s intermodulation product frequency

-
[

desired or carrier frequency

-
[

interfering signal frequency

product order

OF = f| - fd

These equations yield two products for each order; one that is
greater in frequency than the desired signal, and one that is

lower in frequency.

Intermodulation products, generated in an rf amplifier, are re~
lated to the plate current, which can be represented by a power

series of the form:

|l = .0 + .|e + .2.2 + .3‘3 csene (3'76)

The constants are determined by the tube characteristics and
operating point, which, in turn, are dependent upon the cir-
cuit parameters. Because of variations in tube characteristics
and circuit peraneters, the constants must be evaluated for
each particular circuit. (f the rf amplifier components were
perfectly linear, the 3rd, 4th, and higher-order coefficients
would be zero; however, components,such as vacuum tubes, are

not linear and have higher-order coefficients of significant
magnitude. |f we assume an input voltage to the rf stage of

the form:

e=E sinwt+E sinwt, (3-77)
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(7

then the power series can be expanded to obtain the inter=-
modulation products generated. The output, resulting from the
linear term of the power series, is of the same form and fre-
quency as the input; while the squared term results in a dc
component, components at twice the input frequencies, and com-
ponents at the sum and difference of the input frequencies.
These products will not usually be of importance when consider-
ing rf intermodulation in the output stage of a transmitter.
The output circuit is usually selective enough so that fre-
quencies, far removed from the transmitter=-tuned frequency, are
greatly attenuated. The squared term, though not important in
the generation of transmitter intermodulation, may produce

serious interference in a receiver.

The expansion of the cubic term produces a large number of
terms with components at the input frequencies, fl and fz. and
at frequencies 3f, 3f2, 2f, 2 fz, 2f, + f,+ The intermodula-
tion products of interest are those that are in the transmitter
output passband. In general, they are the difference products,
mf| - nfz. where m and n are integers. The sum frequencies
produce components that are considerably removed from the trans-
mitter passband. The sum of m and n, usually referred to as
the intermodulation prcduct order, is the same as the exponent
of the lowest power term in the power sories that produces this
particular frequency term. The amplituues of these signals

are proportional to Elmizn. The harmonics of the carrier, nec-
essary for the production of these intermodulation prodicts,
usually exist in the transmitter final emplifier at relative=-
ly high levels. The amplitude of the intermodulation products
will be proportional to the n:th power of the amplitude of the
signal that generates tﬁe intermodulation product:

E, o< Eln (3-78)

where: Es = intermodulation product amplitude
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E, = interfering signal amplitude

1
n = order of the interfering signal required to

generate intermodulation product of order m + n

g. Shock-Excitation Emission. Shock-excitation emission is irans=

mitter radiation that results from external rf excitation in linear ele-
ments of a transmitter. When a short-duration pulse signal is applied

to a resonant circuit, the circuit oscillates for a number of cycles.

The oscillation assumes a damped-wave pattern; the number of cycles de-
termined by the Q of the resonant circuit, and the frequency of oscillation
determined by the natural rescnant frequency of the circuit. Upon reach-
ing rf or if resonant circuits, short-duration, high-ampiitude pulses
cause the resonant circuits to generate damped waves at the natural res-
onant frequency. Spurious outputs can also result from shock excitation
at frequencies other than the fundamental frequencies of nearby trans-

mitters.

h. Transmitter-Coupling Emission.

(1) Transmitter-coupling emission in @ transmitter results when

intermodulation products are gencrated as a result of the mix-
ing of one or more signals in the transmitter. These signals
are interference signals from other transmitters. When the
antennas or transmission lines of two transmitters are located
near esach other, an appreciable rf voltage from cone transmitter
may be impressed across the output tank-circuit of the other.
Because of nonlinear phenomena in the final amplifier circuit,
this induced voltage can cause the generation and radiation of
spurious frequencies at other than the operating-carrier fre=-
quency of either transmitter.

{2) The :purious output, fs’ of a transmitter with carrier fl'
when (oupled to a transmitter with carrier fz, may be obtained

from the fo!lowing:

f, = ]n'f"i nzle (3-79)

3-286



(3)

This equation yields the intermodulation products of all orders;

third-order products are particularly troublesome in vhf systems.

Interference-level prediction for third-order products -equires
a knowledge of various attenuation quantities existing L tween
the desired transmitter and receivers and the undesired trans-
mitter. The attenuations involved are shown on figure 3-156.
With A(Zf‘ - fz) as the attenuation of the third-order product
1 (if
there were no pa:h losses beiween T‘ and TZL then AT is defined

with respect to the carrier level of transmitter number T

as:

A=A + A' +A, + A, + Ab‘+ A + A

TR A HA A, 12 YAy rA2f - f (3-80)

2/
Interference level (IL) is then obtained from:

IL= .= &\T (in db) (3-81)

where: A, = attenuation between transmitter T.I and antenna, at

frequency (Zf‘ - fz),in db

A, = attenuation between transmitter TI and antenna, at

frequency fz,in db

A, = attenuation between transmitter T2 and antenna, at
frequency fz,ln db

A, = attenuation betwecen receiver R3 and antenna, at

frequency (2fl - ‘2).in db

Ah = db of rejection of receiver front end with respect

to receiver tuned frequency

A‘2 = path attenuation between transmitting antennas at

frequency fz,in db

A|3 = path attenuation between trancmitter T' and re-~

ceiver for third-order intermodulation products

generated in the transmitter
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W = the db value obtained from the ratio of the out~
put voltage of the desired transmitter, e to
the receiver sensitivity, e both at a specified
impedance

°)
then: W = 20 log-:—-, e, = PT (3-82)

r
where: P = output power

R = impedance

A positive value of the interference level indicates that th.
third-order product power at the receiver terminals is above

the receiver threshold; therefore, the system experiences in-

terfarence.
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Figure 3-156. Transmitter Coupling Attenuation

3-43. Transmitter Interference Reduction

Transmitters cause irterfrrence by radiation and by conduction. The
inter ‘'erence may be in the form of spurious radiation, broadband or narrow-
band emanations, modulation splatter, - - i~termodulation. Harmful inter-
ference nay be cause:u by a single :ransmitter's emissions,or by the con-
tributions from hundreds of trans .itters. These causes of interference
can be classified as spectrum congestio. ard sy<“em incompatibility. In

preventing or minimizing transmitter interference, both the transmitting
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and raceiving environments require attention. |If, for a particular
application, a frequency is causing trouble in adjacent equipment, the
interference can be eliminated by traps or stubs; if, however, the trans-
mitter is a production type that must be used in many different installations,
suitable filters should be designed to suppress all the outputs to a neg-
ligible tevel. These filters shoculd be placed in the power leads, antenna
leads, and control leads. Also, to preciude case radiatior, cases must

be sealed by rf gaskets and perforated screens to prevent rf leakage. The
maximum protection possible against interferina sisnals should be provided

at all times.

8. Frequency Generation. Certain design practices that reduce spurious

signal generation should be followed whenever applicable:

1) Tuned coupling networks should be used to prevent the passage of

spurious signals to succeeding stages

2) Oscillator circuits should be decoupled from both input and out-
put stages

3) The power amplifier should not be used as a frequency multiplier
because it will contain a large undesired component at the fund-
amental or excitation frequency

L) The output stage should be designed for low distortion at the re-
quired power output to minimize the need for excessive grid exci-
tation and heavy loading, both of which lead to the generation
and transfer of spurious signals into °° antenna

5) The use of frequency multiplicaiion .. _enerate the carrier fre-

quency should be avoided except when absolutely nacessary
6) Where applicable, multituned devices should be used for all tuned
coupling circuits

7) The frequency stability of a transmitter should not be less than
that required to ensure proper cperation of the associated re-
ceivers. Improved transmitter stability results in reduced receiver
bandwidth requirements. Many receivers are intentionaliy designed
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with broad selectivity characteristics, sometimes at the ex-
pense of sensitivity, to compensate for transmitter drift.
Ultimately, stabilitics of the order obtainable by crystal

control should be maintained

I f these measures are followed, together with careful shielding and de-

coupling of the individual stages, the spurious content of the rf carrier

can be reduced to a low level.

M

Mixers are sometimes used in the frequency-generating scheme of
transmitters. |In some transmitter-receivers, the receiver local
oscillator is alsc used for the transmitter. A signal from a
crystal oscillator is added to the signal from the receiver local
oscillator in a mixer to produce the transmitter frequency.
Spurious emissions are generated in the mixer. For example, when
a siynal from a crystal oscillator at frequency, fl,is added in

a mixer to a signal at frequency, fz,to produce a desired signal
of frequency, f' + fz, then signals are also produced at such fre-
2 f 226
way to eliminate spurious radiations,originating in &~ mixer, is

qusncies as fl - fz, Zf' + f and 2f2 + Zfl’ etc. One
to eliminate the mixer and use a direct means of frequen.y gen-
eration. |f, howaver, & mixer is used in generating the trans-
mitter frequency, the spurious signals generated there should be
attenuated to sufficiently low levels by the tuned circuits fol-
lowing the mixer. A double-tuned circuit in the mirer output
circuit and a double-tuned circuit in the driver-plate circuit
will usually be satisfactory in reducing the level of spurious
signals. Good shielding should be used between stages, and rf
paths should be decoupled to keep the spurious signals from reach-
ing the power amplifiers. Spurious radiations, whose frequencies
are harmonics of the carrier frequency and which originate in the
power amplifier, can be reduced by a double-tuned circuit. A
typical circuit is the inductively-coupled a.itenna tuning circuit

shown on figure 3-157.
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Figure 3-157. Double-Tuned Tank Circuit

(2) Shunt feeding of the high-voltage supply to the final stage plate
is employed in some transmitters; and a tap on the plate tank
is used to couple to the antenna. This type uf coupling should
be avoided because it eliminates the additional tuned circuit of
the antenna coupling and tuning circuit. A pi-section tank cir-
cuit is used in some transmitters because of the wide variation
in antenna impedances through which the transmitter must work.
A pi-section, although similar to a low-pass filter section, is
usually inaffective in suppressing harmonic radiation. A double-
tuned tank circuit should be used in preference to & pi-section
tank circuit. A double-tuned tank circuit will reduce harmonics

more effectively than & single-tuned one.

(3) A comparison of the 2nd, 3rd, bth, and 5th harmonics of three
typical transmitters is shown in table 3-9, In this table,
the transmitters are labelled as to type of output tank circuit.
The transmitter with the double-tuned tank has its highest spuri-
ous radiation level 45 db below the carrier, while the single and

pi-section transmitters are 10 and 9 db higher, respectively.
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(4)

The levels shown in the table are typical level!s to be ex-
pected in transmitters with no extra circuitry tc reduce har-
monic radiation. To reduce the harmonic radiation turther, low-
pass filters must be incorporated between the tank circuit and
the antenna. A simple filter, consisting of a constant-k, pi mid-
section and two m-derived terminating half-sections, will give
approximately 40-db attenuation to most ¢f the harmonics, depend-
ing upon the carrier frequency. More elaborate low-pass filter:
can be built to suppress harmonics by 60 db. For transmitters
operating above approximately 100 mc, re-entrant cavity filters
can be used. These have the added advantage of being band-pass
rather than low-pass filters. A combination of a double-tuned
output circuit and a 60-db low-pass fiiter will reduce harmonic
radiation approximately 105 db. Good shieiding of the filter

is necessary to prevent radiated coupling from bypassing the
filter.

TABLE 3-9. LEVEL OF HARMONICS BELOW CARRIER FOR THREE TYPES
OF TANK CIRCUITS

Harmonic Pi-Section Single-Tuned Double-Tuned
2 36 db 35 db L5 db
3 L7 db 61 db 6L db
L 54 db 61 db 65 db
5 60 db 67 db 73 db

The use of a low-pass fllter introduces another problem in trans-
mitter design. Many transmitters operate over frequency ranges
that cover one or more octaves. |t is very di€ficult for one
filter to attenuate the second harmonic of a signal at the lower
end of an octave and pass & signal at the high end of an octave.
Therefore, it is necessary to use more than one filter to cover
the octave range. The problem is further compounded in trans-
mitters that switch tuning ranges in octave bands. For example,
in a transmitter that has an exciter which has four bands (1.5 to
3, 3to 6, 6 to 12, and 12 to 20 mc), the first three bands are
octave bands. It low-pass filters are used in transmitters with
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such an arrangement, two low-pass filters would have to be used
in each octave band, and provisions for switching filters some-
where within each band would have to be made. Another technique
would be to design a multiband transmitter with each band cover-
ing less than oreoctave, and then switch in & separate filter for

each band.

b. Channe!-Width Considerations. A basic difference between desired

and interfering signals is their frequency content: an interfering signal
can be spread over a considerable portion of the frequency spectrum; a de-
sired signal usually lies within a well-defined region of the spectrum.

One of the most important considerations in the design of an interference-
free communications system is the channel width. At the present time, fm,
am, and single side-band systems are '-eing operated simultaneously in the
same frequency bands,and within chanwel separation distances that permit
the systems to interfare with each other. |t is necessary, therefore, to
choose channel widths that will accommodate all types of modulation; other-
wise there will be adjacent channel interference between systems. |If a
channel is too wide, valuable frequency spectrum will be partially wasted.
If a channe! is too narrow, stringent requirements are placed on the equip-
ment, usually at added cost, and increased interference may result. A
communications system's operational channe! width should be chosen on the

basis of the following factors:
1) Accuracy and statility of the receiver
2) Accuracy and stability of the transmitter
3) Frequency changes due to Doppler shift
L) Modulation bandwidthk
5) Guard-band requirements

Accuracy and stability considerations are of prime importance. If a trans-
mitter drifts sufficiently far from the center of its channel, modulation
sidebands can splatter into an adjacent channel. |If a receiver drifts
sufficiently far from the'desired center of its channel, it can receive

modulation interference from the adjacent channel, which can cause cross-
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modulation with resulting high-frequency chatter in the receiver. |[f a

transmitter is sufficiently detuned relative to a receiver that Is receiv-
ing its signal, severe loss of intelligibility and operating distance can
result. Transmitter bandwidtn should be held to a minimum consistent with

overall circuit requirements.

c. Component Selection. Components utilized in rf circuitry should be
desiygned for frequency ranges beyond those in which the equipment is in-
tended to operate. In the selection of & coil for use in a tuned circuit,
for example, the impedance of the coil is a function of frequency. The
distributed impedance of the coil can cauuse multiple resonances: there
will be as many resonances as there are frequencies at which the inductive
reactance is equal to the capacitive reactance. The solution to this
problem is to select only components whose inductive reactance and capaci-
tive reactance produce resonances at frequencies greater than the operating
frequency. In general, this means that high~quality components should be
used, lead lengths should be kept short, and good judgement should be ex-

ercised in component placement.

d. QOscillator Stages.

(}) Communications transmitters are rarely operated at frequencies
such that the desired rf output and oscillator frequencies are
the same. In many transmitters, the output frequency is a mul-
tiple of a basic oscillator frequency. This means that, unless
proper precautions are taken in the design of the transmitter,
each harmonic of the oscillator frequency may appear on the
transmitter antenna. There are several ways in which spurious
oscillator outputs can be controlled and contained. Complete
enclosure of the oscillator for the purpose of shielding and
containing the radiation is general practice in well-built
transmitters. Metal walls and metallized gaskets for all covers
on an enclosure should be used to restrict the radiation of rf
energy from the oscillator. All nonsignal circuits should be

filtered.
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(2)

(3)

Most transmitters use a common power supply for several low-power
stages and the basic oscillator. There is no objection to this
practice provided proper precautions are taken to minimize the
undesired transfer of rf energy between the stages. Common fila-
ment or heater leads can be serious offenders in many transmitcers
of this type. Where a single transformer is used to supply

heater voltage to several stages, one or more of the follow-

ing measures will be found of assistance in interference cuntrol:

1) Bypass all heater leads to ground with mica capacitors at
each electron tube socket, using the shortest possible

capacitor leads

2) Insert rf chokes of adequate current-carrying capacity in
heater leads at the electron tube sockets, and bypass as
in 1)

3) in extreme cases, use series, shunt, pi, or multiple-

tuned networks

L) Bypass all power and control leads entering the oscillator
enclosure at their points of entry

In transmitters where the basic oscillator frequency is multiplied
at a low level and then amplified, spurious radiations, at every
frequency present in the low-level stages, invariably appear in

the transmitter output. Signals, at harmonics of these frequencies,
also often appear. These radiations should be reduced to accept-
able levels. Tc do this, use as few stages of frequency multipli-
cation as possible. In transmitters that employ self-controlled
oscillators, only two stages of frequency multiplication should

be used. It Is best to use the oscillator frequency straight
through. The tuned circu!:s of the multiplier and driver stages

in the transmitter have to reject signais at frequencies lower
than that to which they are tuned. The greater the separation

of these frequencies, the greater the rejection; the lower the
order of multiplication, iLhe greater the separation of frequencies.
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(W)

Furthermore, the lower the order of multiplication, the fewer

the number of spurious frequencies generated. For example, an

am transmitter, operating in the 116-to 132-mc band, has a frequen~
cy multiplication of eighteen. The crystal oscillator operates
near 7 mc and is followed by two triplers and a doubler. Spuri-
ous radiations existed at every multiple of 7 mc up to 1000 mc.
By changing the oscillator to 14 mc and multiplying the frequen-
cy 9 times, one-half of the spurious radiations were completely

eliminated.

In transmitters in which it is necessary to employ frequency
multiplication, double-tuned circuits should be used between a''
stages. In addition, there should be at least four tuned cir-
cuits, tuned to the output frequency, ahead of the final ampli-
fier. A double-tuned circuit between the last multiplier and
the driver, and a double-tuned circuit between the driver and
the final amplifier, con reduce the spurious radiations gener-
ated in the low-level stages more than 80 db below the carrier.
Good shielding between rf circuits is necessary to prevent
coupling of undesired signals from stage to stage. If these
measures are taken when designing transmitters, spurious radi-
ation can be kept to levels of 80 db,and more,below the carrier.

¢. Outpyt and Antenna Stages. When designing the output stages and

antenna circuit, several design procedures should be kept in mind:

1)

2)

3)
L)

It should be possible to obtain the nominal output over the en-

tire tuning range

The operating angle of power output tubes should be ..lected to

reduce the number and magnitude of spurious signals
Push-pull output stages should be used

The antenna circuit should be filtered with either a low-pass

or a band-pass filter

Non!inear elements should not be used in the antenna circuit
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6) The antenna-feed circuit should be completely shieided

7) Antenna gain and front-to-back ratio should be as high as prac-

ticable
8) Antenna beanwidth in azimuth should be the minimum practicable

9) Antenna beamwiJdth in elevation should be the minimum practica-
ble

10) Antenna sidelobes should be minimized

f. Power Output. In general, transmitters should have means for vary-
ing radiated power continuously, so that, in the interest of reducing in-
terference, only the minimum power required for satisfactory operation is

radiated.

g. Output Filters.

(1) Many techniques are possible to minimize spurious emissions and
responses; use of filters for transmitters and receivers rep-
resents the direct approach. Most filters have periodic charac-
teristics; that is, a filter will attenuate certain prescribed
frequency bands, but will pass many other bands spaced period-
ically throughout the spectrum.

(2) waveguide filters, that are capable of handling peak power values
of the ordar of 5 magawatts with insertion losses of only 0.1 db,
can be fabricated for harmonic suppression. The use of such
filters can alleviate spurious emission conflicts in receiving
systems whose operating frequencies are considerably removed
from the frequency band of the transmitter in question. A tuna-
ble filtor with a narrow bandwidth can reduce, if not eliminate,
interfereance between transmitters using the same frequency band.

(3) Harmonic-suppression filters can be used at the output of trans-
mi tters, before undesired frequencies reach the antenpa, or in
the antenna input circuits of receivers. Ideally, the filters
should be installed as close as physically possible to the in-
terferenze sources. Some of the factors to be considered in
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the proper use of a harmonic filter are:

1) In the pass-band, the filter should perform as a conven-
tional transmission line section, and the filter should
not cause an insertion loss greater than 0.5 db, cr a VSWR
greater than 1.1. |f there is a mismatch, it should not
reduce the output power of tha transmitter below a speci-

fied level

2) In the stop-band, the attenuation should be at least .1
db,or enough to bring the spurious emissions to the level
required by the applicable specifications, whichever is

greater

(4) Wherever good engineering practice permits, harmonic filters
should be the low-pass type because frequencies below the funda-
mental are usually at a lower power leve! than the harmonics.

In cases where the fundamental is formed by frequency synthesis,
and strong subharmonics are present, a band-pass filter should
be used. The preferred cut-off frequency of a harmonic fil!ter
depends on the individual application. For example, if a trans-
mitter has a desired fundamental freguency, fo’ of 100 mc, and
the first spurious frequency (the second harmonic) is 2f , or 200
mc, a good choice for the cutoff frequency is 1.5 fo' or 150 mc.

(5) Conventional filters, consisting of a combination of constant-k
and m-derived sections using lumped parameters, can be used suc-
cessfully up to 100 mc. However, as the frequency is increasea,
it is increasingly more difficult to develop mass-produced units
using lumped parameters. For this reason, at the Ligher frequen-
cies, transmission-line filter elements or waveguide filters can

be used.

h. Spurious and Hermonic Emission.

(1) Reduction of spurious outputs in transmitters should be con-
sidered in the initial design of the oscillator. Elimination

of spurious outputs not only prevents interference, but in-
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creases the fundamental power output of the transmitter. Unless
a stage is absolutely linear in operation, spurious or harmonic
frequencies will appear in the plate circuit. In the Class C
power ampiifier of a transmitter, considerable harmonic current
exists. These harmonics appear at the output unless they are
eliminnted by tuned circuits; consequently, the selectivity of
the tuned circuits foliowing the final power amplifier determines
the ultimate harmonic content of the transmitter ourput. The
froquency of the spurious and harmonic emissions from a trans-

mitter using a master oscillator can be identified by:

fo= = (3-83)

Those spurious and harmonic emissions, from a transmitter utiliz-
ing frequency synthesis or automatic frequency control, may be
identified by:

! n flo +m fto (3-84)
P

where: f = freqﬁency of spurious emission
m,n = lntegers 0, 1, 2, 3, ...,
p = 1,2,3, ...
f = transmitter operating ’requency

f = transmitter maste: oscillator frequency

mo
f

k = '-?9- = frequency multiplication fattor
mo

flo = Jocal »scil!lator frequency

fto = transmitter oscillator frequency

(2) Usually, the envelope of the spurious and harmonic emissinns
does not decrease i{nearly with frequency; rather, it tends to

undulate. In transmitters cf the same type, variation of pa: a-
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meters such as wiring, circu’: ccmponent values, biasiry jcvels,
ana vacuum tube characte: stics will <hift the frenuency spestr-um
of the envelcpe. This displazement *esvl*: in var'ati:n in the
levels of harmonics from c¢ne transmitter to anoth: -,  {.eve is

no definite cutoff point, with respect to frequency. for i her

the harmonic or spuri Js emissions.

Tubes vhould be operated in a mode that genera:es & mini.unm nuin-
ber of harmonics. Design engineers car use Fourier analysis of
the weveform to predict the harmonic content of a particular cut-
put. Such an analysis for the output of a Class C amplifier, is
preserted: this type of an analysis can be applied to any type
of _ircuit. Assume that the signal, eg, of a tube-operated Class
¢ amplifi r, is compcsed of a number of harmonic sinusoidal sig-
nals, and that the lowest-frequency signal present is at radian

frequency W, s then:

A
lp = 2 + A' cos wlt + Az cos Zw't S
(3-85)
+ B] sin wlt + 82 sin Zw‘t R
whera:
T
A = 2 ] cos no, t dt
n T P 1
o
T
o =2
n T sin nwit dt
o
and:
T--Z—ﬂu ]
o, F,
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(&)

(5)

(6)

(7)

| the conduction angle of a tube is specified, and, if the
amplitude of the plate current during conduction is specified

a5 & function of the tube characteristics, plate-supply volt-
age, grid-bias voltage, and grid-driving voltage, it is possible
to solve for the coefficients An and Bn for each value of n

that is of interest. This method regquires measured data for

the conduction angle and plate impedance of the output tube, and

for the spectrum of the grid-driving signal.

To reduce or eliminate harmonics, filters can be placed in the
output circuit of the transmitter. |In addition, the use of suit-
able coupling circuits, such as filters o tuned traps, will re-
duce the generation of harmonics. Filters used should be capable
of handling the fundamental power frequency with a minimum of in-
sertion loss. Bypass filters in both B+ and filament circuits

will prevent harmonics from reradiating to other circuits.

Guy-wires should be divided into insulated sections, the lengths
of which should not be harmonically related to the operating fre-
quency. Such a division prevents the excitation and reradiation
of spurious transmitter radiations by resonant lengths of guy-
wire. Abandoned antennas and guy-wires should be completely re-
moved. Merely grounding an unused piece of wii ~ is not sufficient

to eliminate it as on interference source.

All joints and connections exposed to the wcather should be de-
signed for ease of inspection because oxides formed at joint in-
terfaces may act as nonlinear elements and cause the generation
of spurious signals. Antenna and ground connections should al-
ways be made so that an oxide film cannot form between contact-

ing parts. Joints should be waterproofed, if possible.

Provisions should be made to allow transmitters to be tuned for
maximum attenuation of spurious radiation. Transmitters, using

variable frequency osciilators, skould be tunad to the operating
frequency with a frequency meter, and checked pericdicaily to en-

sure on-frequercy operation. Crystals in transmitters chould be
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checked periodically to ensure that the transmitters are operat-
ing at the correct rrequency. Output power and bandwidths should
be maintained at the minimum level concistent with reiiable com-
munications. Radar output spectra should be monitored to deter-
mine whether excessive sidebands are present, and whether the

magnetron requires irequency adjustment or replacement.

Spurious external cross-moduiation interfercnce may be generated
by a metallic device exposed to strong electromagnetic fields.

Such interference will be generated when such device:

a. contains a self-resonant circuit at

f = nf‘ * Nf (3-86)

r 2

where: fr is the self-resonant frequency of the device

fI and fz are the frequencies of the electromag-

netic fields
0 and N are integers
and:

b. when the device contains a non-linear circuit element

coupled to the device self-resonance.

Metal building framework, gutters and down-spouts, lightning

rods and ground leads, fences, open-wire lines, stoves &nd stove
pipes, metal doors and door tracks, are all examples of matellic
devices capable of creating such interference. All such devices,
required to be located within high electromagnetic-field ambients,
should be designed with suitable bonds and grounds, and be ade-
quately maintained to prevent formation of metal/metal oxide non-
linear interfaces between aloments. In some instances,''spoiler'
eloments may be added to the device to detune structural reso-

nance.

Parasitic Emission.

(1) Within a transmitter, parasitic & *rsions can arise from such

sources as intercoinecting leads between tubes, and components
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that may develop significant power at their own self-ieconant
frequency. Shock excit ion of various resonant circuits, by
transient signals within the transmitter, can also produce para-
sitic emission. These emissions may emanate from oscillators,
amplifiers, and almost any other electronic circuit. In addi-
tion to radio interference, these spurious frequencies may
create distortion in linear amplifiers and modulators; causing
undesired side-bands in transmitter outputs, flashover, re-
duction of useful power output, and other undesirable effects.
Parasitic emissions are difficult to locate and, in general,
cannot be measured separately from the overall transmitter
emission pattern. Procedures, for identifying this type of emission,

should be worked out during spurious-emission measurements.

(2) Methods of suppressing parasitic oscillations are basically the
same as for spurious emissions. Oscillations may frequently be
suppressed by minor circuit modifications, such as the insertion
of a small resistor, or the replacement of a choke coil. The
first step in suppression of these oscillations is to iocate
the offending circuit. When it has been located, necessary
modifications should be made; these should not affect the normal
operation of the circuit. Radio-frequency amplifiers can be
neutralized by feedbeck circuits, or by screen-grid neutralization.
A small rasistor, of from 1.0 to 25.0 ohms,can be inserted in
series with the grid or plate lead of the tube in the offending
circuit; it should be sufficient to damp out the parasitic oscil-
lations. |If the cause of the oscillations is a stray resonance
between an rf choke and its own distributed capacitance, or some
other capacitance in the circuit, another choke wich different
inductance can be substituted. The insertion of a small re-
sistor, in series with the choke, will also eliminatz the para-
sitics. Sometimes, a slight detuning of certain elements, not
enough to cause any detrimental effect to normal operation, is

effective in eliminating parasitic oscillations.

3-303




1. Side-band Splatter. Suppression cf side-band splatter is accom-
plished by increased filtering, improved linearity, rf feedback, and regu-
lation of the power supply. Nonlinear modulation limiters produce a con-
siderable amount of side-band splatter. Modulators should use linear amp-
lifiers, where possible, and have their outputs filtered to generate only

the desired frequency spectrum.

k. Moduiation Splatter.

(1) Interference caused by modulation splatter can be effectively con
trolled by audio processing and modulation Timiting. Speech
processing and modulation-1imiting methods vary with the type of

modulation.

(2) Splstter may be rinimized, in transmitters employing voice-band
channels, by use of limiting amplifiers to avoid cvermodulation.
This approach is effective on transmitters using amplitude, fre-
quency, phase, and single or double-single side-band modulation
schemes. When multiple voice-band channels are used, such as
two 3-kc channeis on both the upper and lower side-bands of a
double single-side bana transmitter, limiting amplifiers should
be used on ecach voice-band input. Each input should contain a
suitable band-pass filter, limiting the frequency range tc 300-
3000 cycles.

(3) Peak ciipping may be employed to remove the large (6-9 db) tran-
sient spikes present in the audio spectrum of the average male
voice. Waveform clipping introduces a large amount of odd-order
harmonic distortion. The amount of clipping must be restricted
to avoid generation of side-band components which might cause
more interference than the unc!lipped wave forms. Generation of

odd-order harmonic distortion may be avoided by:

I) Separating the voice-band spectrum into third-octave
segments in.suitable filters

2) Clipping each segment
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3) Removing the odd-order harmonics by passing each sncctral segment

through a second third-octave filter

L) Reconstituting the voice-band spectrum by combining the third-

octave segments in a suitable amplifier

{4) The absolute power 'evels of the sidebands of an fm transmitter

may be computed Yrom the followinag:

1
W, = W, - 20 log = dbw (3-87)
4, A5
m
where: wp = the absolute power level of the sidebands
wo = the unmodulated carrier power in decibels

below one watt

JPG—J%E-) = Bessel crefficient of the first kind of orcer
" p and argument ( $F )

OF = frequency deviationm

fm = modulation frequency

(5) A severely clipped sinusoidal tone (fig. 3-158A) may be closely
approximated with a symmetrical trapezoid wave (fig. 3-1588B).

The nth spectral-componant amplitude of such a wave is given

by:
¢ - 2A(t td) sln{mtgélﬂ . [sin fmtgudMT]_ (3-88)
n T nrt/ nt(t+d)/T

If the degr=e of clipping of positive and negative Falf-cycles
is equal, then(t + g = T/2 (fig. 3-158B) and:

sin (nnt/T sin (nt/2 -
cn-A[MtT ][—?‘-}Z—U-] (3-89)
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A. CLIPPED SINUSGIDAL TONE

» cung

A = PULSE AMPL I TUDE

t = PULSE BUILD-UP TIME AND DECAY TIME
d = PULSE WIDTH AT MAXIMUM AMPL | TUDE
T = pERIOD

B. TRAPEZOIDAL WAVEFORM IN1212-3

Figure 3-158. Approximation of Clipped Sinusoidal Tone
by Trapezoid Waveform

3-306




The value of t is found fron a specification of the amount of

clipping, N, in db:

N = 20 log [sin (27" . g)] (3-90)
t =;T-55n" [antilog (2%)] (3-91)

As an example, consider the case for 10 db of clipping (N = - 10 db):
t =-I-sin"| [antilog -0.5]
t=.102T

The amplitude of the nth harmonic is then:
- A .102 nx sin nn(
i.IOZ nr) nn/2
A simplified expression for the worst-case amplitude of the nth
harmonic, ignoring sign, can be obtained by letting

sin (.102 nx) = | and sin (n/2) =

Then, for n > 5 and odd:

N A
c, ¥ T-102 nx) (nx/2)

v A
Cn 1.99 ;7

Using this expression for armonic amplitude, the powers
radiated in the sidebands due to distortion products can be cal-
culated as follows:

The general expression for a Bessel coefficient of the first kind

iss

AF) | (-1)K (AE)pH2k

o F kb (ptk) !

(3-92)

m
=0

I f (AF/fm) is small, the first term of the series is a reason-
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able pproximation.

AF l
J (=) T~
D fm pt

Ry . _AOF

r  f
m

< 0.1, k=0

Since the umplitude of the sideband components, Jp(—flﬁ), diminishes

m
very rapidly for small ( éXF), only the case (p = 1) need be con-
sidered: m
Fy ~
21 . Lf (3-93)
1 fm 2 fm

Thus, the relative amplitude of the first order sideband is %

J%Eu and the related relative power is 20 log % _élﬁ..
m

1. Jransmitter Noise Emissions. Reduction of transmitter noise can

best be accomplished in the design stage by providing suitable filters
following the audio stages, mixers, modulators, and oscillators. An opti-
mum design including these 7ilters will have a noise output that is de-
term‘ned, to a major extent, by characteristics of the final amplifier

stage.

m. Intermodulation. Several techniques may be employed to reduce the
effects of transmitter intermodulation. Frequency assignments should be
established, where practicable,so that the third- and forth-order products
do not fall on, or immediately adjacent to, desired receiver frequencies.
Selective filters can be used to provide additional selectivity (for ex-
ample, isolation) between transmitters. Linear-amplifier techniques can
be used to reduce the basic intermoduiation product that is generated.
The generation of the carcier frequency by @ mixing process should be
avoided. Only when absolutely necessary should frequency multiplication
be used to generate the carrier frequency. All tuned zoupling circuits

should be multituned devices.

n. Blanking. Intensity-mcdulated displays, that must operate in a
pulsed-interference environment, lend themselves particularly to the use
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of blanking techniques. By blanking the display during periods o trans-
mission by an offending transmitter, and causing the blanked rsgion to
move constantly on the display, virtually all interference can be rem.ved
with very little loss of useful information. Whare a number of transmit-
ters and receivers must be located in the same vicinity, blanking can be
accomplished by direct interconnection. Another approach for this appli-
cation involves the use of a self-contained blanker. The blanker consists
of a wide bandpass gating receiver containing delay circuitry and placed
ahead of the normal system receiver. The gating receiver is set to blank
the system whenever the spectrum components of a transmitter appear above

an objectionable level.

o. Signal Integration. A number of integration techniques can be em-

ployed effectively to reduce interference in such'equipment as radar

units. They make use of the fact that, while a target signal appears ct
approximately the same range on a number of successive returns, random
interfering pulses do not. |f several successive r:turns are required to
exceed a preset threshold level, the random pulses neve appear at the
ratput. Radar tracking circultry usualiy includes a siy 'le form of in-
tegration. The characteristics of phosphors,used ':. cc ventional intens-

i ty-modulated cathode-ray-tube displays,do not provide :ufficient Inter-
ference rejection by integration. Storage tube devices, on the other hand,
are particularly well suited to this application because of the!r control-

lable integration characteristics.

p- Effects of Trangmitter Spurious Outputs. To predict the effects

of spurious signals on nearby receivers, the fillowing computation may be

used:
PR - (PT - Kg = Ko+ GT)
&2 (3-94)
-10 log 70 —x-i_ + (G - Kg)
S

where: PR = power at the receiver antenna terminals (dbw)

Pr - power transmitted at the fundamental frequency (dbw)
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A, = wavelength of fundamental, harmonic, or spurious signal

(meters)

K. = attenuation of signal ( As) below the fundamental signal
(db)

K, = attenuation of transmitting antenna feed system at ( ks)

G, = gain of transmitting antenna with respect to a dipole (db)

at A

d = transmitting-to-receiving antenna separation distance

(meters)

G, = gain of receiving antenna with respect to a dipole (db) at

A
s

KR = antenuation of receiving antenna feed sysiem at Ag

All factors in the equation must be known to mak: accurate predictions.
Such complete data, however, is not generally available, and certain ap-
proximations must be made. While PT’ KS' d, and Rs must be known,
reasonable values can usually be assumed for KT, GT. GR and KR' All a-
vailable data should be used to arrive at as close an approximation as
possible. When the antenna feed systom consists of & waveguide, the at-
tenustion (KT or KR) below cutoff can be computed from:

L Q | o ¢
Ky or Ky = £%2< - (‘i") db (3-95)
< s

where: ,2, = .length of antenna feed guide (meters)

M. = cutoff wavelength of waveguide (meters)
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At frequencies above cutoff (for the relatively short lengths involved in
antenna feed systems), it is safe to assume no a:tenuation; KT of KR = 0.
For lower frequency systems that do not employ waveguide feeds, KT and KR
can also be assumed equal to zero. it is frequently necessary to approxi-

mate the transmitting and receiving antenna gains as vell: he. e again GT =

GR = 0 can be used.
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Section VIi., ANYENNAS

3-44. Genersl

a. Controlling the generation, propagation, and ef{ «ts of interfer-
ence from antennas, will enable the design engineer to minimice the trans-
mission or reception of undesirable or spurious signals. Such signals
are radiated by antennas in various frequency ranges, modes, signal in-
tensities, and directions. A perfect antenna wouid transmit a signal on-
ly of the desired frequency, power, and mode; and in a direction deter-
mined by the design criteria of the antenna. |In practice, however, the
perfect antenna does not exist, and undesirable or spurious sigrals are

radiated or received.

b. Interference protlems arise when an antenna radiates undesirable
energy from an energy source. An antenna, located in the electromagnet-
ic field created by this undesirable energy, will collect the energy ard
transfer it into & receiver or other device to which it is cunnected
The ease with which this occurs depends upon the particular characteris-
tics of the antenna. The same antenna properties, that aliow energy to
propagate, can be used tc Impede its transfer. Antenias,that keep the
transmittal of undesirable signals to @ minimum, can be selected by fol-
lowing such design practices &s increasing the aatennas' directivity, re~
ducing side-iobe sensitivity, or eliminating back lobes.

3-45. Types of Antennas

Antennas take many forms and sizes,such as dipoles, whips, parabolic
reflectors, and horns. Some types of antennas, and their ncrmal frequen-
cies of use,are shown in table 3-10. The choice of antainas depends on
their use and such other factors as:

i) Whather omnidirectional, directional, fixed, rotating, or irack~
irg

2) Scan rate
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TABLE 3-10.

TYPES OF ANTENNAS

0.150-30 mc 20-60 mc hG-500 mc 500~20,000 mc 20-59 kmc
Long & short |tong & shcrt | VHF communi~] Point=to-
range commu=- | range commu~- | cations point com-
nications nications munications
Long-range Long-range Radar (search | Short-range
radar & guid-| radar & track) radar, rom-
ance guidance munications,
& guidance
Tower Whips Stubs Stubs ~ens
Whips Tuned stubs Bicenical Helices Slotted helix
Laops Trailing wires nggéeés Flat biconicalf Horns
Hal f-wave Ferrite loops | Cap~loaded Cap-loaded Slottec guides
stubs stubs
Grounded ver- | Scimitars Helices ‘lorns Printed arrays
rical wire
Trailing wires| Valentines Rods, plas- | Traveling wave| Parabolic
tic and dishes
ferrite
Single wire Yagi Turnstile Inflatable Geodesic
(T) Luneberg lens
Rombic Spirals Spirals Slots
Log periodic | Scimitars Cones
Luneberg lens | inflatable Valentines Parabolic
dishes
Extendiblie Loaded slots| Luneberg lens

Log-periodic
Discone
Sleeve

Broadside
arrays

Encfire
arrays

Luneberg lens

Loops

S

Corner Printed arrays
reflector
Yagi Slotted wave-
guides
Log periodic| Spirals
Turnstile Scimitars
Inflatable Valentines
Extendible Log periodic
Wave=-guide Turnstile
horns
Parabolic
dishes
Leups
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3) Gain (above isotropic radiator) and front-to-back ratio
4) Beamwidth (azimuth and elevation)

5) Side-lobe levels

6) Polarization

7) Antenna height

8) Aperture size and type

9) Aperture illumination in both amplitude and phase

10) Frequency bandwidth

i1) Patterns at harmonic frecuencies

12) Physical requirements
3-Lk6. Control Techniques

2. General. The cocntrol of interference by antenna systems is pri-
marily an antenna design problem. The radiation pattern and frequency
response is a coembined function 2f the antenna, antenna feed lines, and
the counterpoise. Each of these antenna-system compcnents should be de-
signed to re-enforce one another in the generation of the desired radia-
tion pattern and frequency response. The design of simple antenn2 sys-
tems is discussed in the Department of the Army Technical Manual TM-11-
666, Antennas and Radio Propagation, and is therefore not discussed in
this ""Guide'.

b. Antenna Patterns. Antenna patterns, bcth receiving and transm:t-

ting, may be employed to great advantage in reducing mutual interference.
Directional antennas, that have maximum gain in only the direction for
which they are designed,can be used to reject unwanted signals. Side
and back lobes can be minimized, rejected, or cancelled completely, so
that the antenna provides high values of attenuation in all but the de-
sired direction. Antenna gain at harmonic or spurious frequencies can

be minimized so that only the desired frequencies are propagated. Multi-
array antenra systems may be utilized, instead of single antennas, for im-

proved pattern and frequency control.

(1) Directional antennas. A directional antenna will have maxi-

mum gain in the direction for which it is desigred, while

omnidirectional antennas have uniform gain in a particulaer
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(2)

(3)

plane. An antenna should form a pattern oaly in the direction
where reception or transmission is desired. |Insofar as prace
ticeble, directivity of antennas should be utilized to in=
crease signal strength of desired signals and attenuate signa!
strength of interfering signals. |In this way, systems will
operate more efficiently and reliably, interference problems
will be reduced to minimum, more power can be transmitted into

a smaller area, and weaker signals can be received.

Side lobes. Side-lobe reduction can be obtained by improved

antenna design and the use of absorbing or reflecting materi-
als around the antenna itself. One method of improving anten=
na design is to change the feed pattern to minimize spill-over
at the edges of the reflector. The reflector, itself, can be
shaped to reduce some of the side lobes, and additional reflec~

tors on the antenna used to reduce specific lobes.

Dual-antenna systems.

(a) Auxiliary-channel techniques. The auxiliary-channel tech-

nique utilizes a separate, omnidirectional receiving an-
tenna, and associated receiver in conjunction with the pri=-
mary receiver, to reduce side or back-lobe interference.

In order to distinguish between main-lobe signals and

side or back-lobe signals, the auxiliary channel utilizes
an antenna system with a high side and back-lobe gain
characteristic and 8 low main-lobe gain characteristic as
compared to the primary antenna. When an interfering sig-
nai arrives from any azimuth direction other than the one
in which the main lobe is pointing, the auxiliary-channel
response will be stronger than the main channel contribu=
tion. Thus, the side or back-lobe interference can be
distinguished from true main-beam signals. Once the side
or back-ltobe signals are identified, they can be eliminated

electronically.
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(b)

Matched antennas. Side or pack-lobe interference can be

eliminadted by the vtilization of two matched antennas.
The principle of the matched antennas is that the side
and back-lobes in the azimuth pattern of the primary an-
tenna can be precisely matched by the lobes of an auxil-
iary antenna which has no corresponding main beum. |If
the pattern of the cuailiary antenna overlaps the pri-
mary-antenna pattern, the signals in the auxiliary chan=
nel can be directly subtracted trom those in the primary
channel without affecting the main beam. |If the phase
centers of the primary and auxiliary antennas coincide,
ther the subtraction may be done in the rf circuits. |If
the phase centers do not coincide, then the subtraction
can be done at the video level to avoid phasing problems.
For complex signal densities involving mutiphase signals,

mul tiphase antennas may be employed.
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Section Vill. COMPUTERS

3-47. General

Computer circuits may be adversely affected when interference appears
in their power, control, or signal leads. Als¢, comptter circuits them-
selves may act as interference sources. The permissible level of compu=
ter-circuit interference is a function of the desired signal levels and
the discrimination that the computer offers to interference. The suscep-
tibility of any computer w. 1l vary, depending on its design, construction,

installation, and proximity to interference sources.

3-48. Digital Computing Equipment

Compatibility is important in a complex system consisting of many elec~
tronic units. When a digital computer is placed in such a system, its op-
eration should not interfere with other equipment, and it should be insen-
sitive to the surrounding electromagnetic environment. To achieve this
compatibility, @ solid-state digital computer should be thoroughly tested
to determine generated interference and interference-susceptibility char-
acteristics. The predominant :nterference generated by the computer can
be attributed to the repetitive operation of the circuits. The interfer-
ence spectrum is directly related to the organization of the machine, its
logic functions, timing, and basic circuitry. Included among the major in-

terference sources are:

1) Master clock timing and basic operations

2) Central processing system and programmed operations
3) Core storage elements

L) Drum system and associated processing circuits

5) Typewriter, card reader, and associated processing circuits

3=49. Analog Computing Equipment

Because analog computers operate with conventional wave-shapes, they are
susceptible to the effects of interference fields from either repctitive,
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pulsed, or random noise. Computers used for process control are generally
located near power equipment. In such situations, the design engineer

should expect such inter“erence as:

1) Transient fields from solenoids and similar components, with

high inrush current affecting counter circuits
2) Fields emanating from power transformers and filter reactors
3) Stray fields from magnetic amplifiers in power servos affecting
servo accuracy
3-50. Interference Sources

Interference sources, that can be minimized by proper system wiring, may
be divided into two groups: those that originate inside the data system

and those that are external to the system.

a. Inside the Data System. Internal interference sources that can be

minimized are dependent upon various forms of unintentional circuit cou-
pling. The most common form is common-resistance coupling in the ground
scheme. Common-resistance coupling occurs when current in one circuit
causes & voltage to appear in the other circuit(s), when two or more cir-
cuits share any resistance, or when they connect at a commen point. The
circults, in any system,exist &s closed loops that have mutual inductance.
This inductance veries directly with the area enclosed withir the loops.
When a current change occurs in one of these circuits, it causes voltage,
due to the mutual inductance, to appear in the other circuit(s). The sig-
nificant parameters are the area enclosed by the circuit, its impedance,
and the relative power levels. Every portion of a system has capacitance
between itself and every other portion. Changing voltages, regardless of
location, tend to drive current through these capacitances and produce in-

terference,

b. External to the System. The external environment of a system can
cause mal furction. The effects of electrostatic and electromagnetic
fields can be controlied by the same methods used to minimize the effects
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of internaliy-produced interfarence. In addition, syster: wiring can often

be protected from external fields by proper enclosures and packaging.

3-51. System Nodes
a. General.

The data system is designed to transfer the potential between one
pair of nodes to another pair of nodes without introducing error. Power
must be transmitted between the pairs of points to maintain the signal
above inherent noise; the current flow must cause a potential drop along
the connection. The pairs of nodes, in 8 system between which vol tages
are measured,are not all independent. Most such node pairs have one ref-
erence node (ground) in common. In a complex system, the reference node
is needed at many widely-separated locations. Its configuration is a ma-
jor problem, aggravated by the widely-varying power levels of the circuits
that connect to it. To avoid mutual impedance coupling in the leads going
to the reference node, the node should be a single point. All ground con-
nections in the system should be made at this point. As a practical con-
sideration, some resistance can be tolerated in the reference node, de-
pending on the maximum interference current,and the allowable input inter-
ference voltage of the most sensitive circuit. A finite volume can be
used for the node. For practical minimum resistance, the material should
be solid copper. All system voltages are understood to be with respect
to the reference node. Because it is constructed to allow no significant
vol tage drops, the node structure provides a true equipotential reference.
Al though a number of connections may be made to this reference node, the
requirements of negligible mutual resistance necessitate that the node
structure be as compuct as physically possible. These requirements gen-
erally produce a node structure in the form of a closely-packed rectangle.
In an extremely large system, the node structure may take the form of the
five sides of a cube. In any case, the reference-node structure n.st be
large enough to permit all ground connections in the system to be made on
the block.
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b.

(1

Construction.

Each system node presents the same prchlem as the reference
node in greater or lesser degree, depending on the number of
branches. Mutual-impedarce coupling can occur in any node

if it is not a true ground point; however, no system node has
nearly as many branches as the reference node. The system
nodes are usually of similar construction to the reference
node, but much smaller. The wires, connecting the modules to
various nodes, should be grouped into cab.=s, each containing
a complete circuit. When the conductors in each cable are
twisted, the area enclosed by the circuit will be reduced.
Such a cable will not be subject to interference from exter-
nal magnetic fields; conversely, such a cable will not gen-
erate substantial external magnetic fields. Thus, minimal
electromagnetic pickup and minimal noise-producing fields
will result. Figure 3=159 illustrates the application of
this method. The reference node is indicated by N. Adja-
cent to it are the various system nodes (A, B, C). The am-
plifier is shown with resistors Rin and be. The amplifier
input ground (point 6), and the signal ground (point 2), are
connected directly to the reference node. |f the inputs

were wired point to point (point | to point 3, then point 4
to point 5) instead of as shown, the area enclosed by the
circuit (1, 2, 5, 6) would be much greater than if the system
nodes are used as indicated. Any attempt at point=to-point
wiring between portions of the system will resuit in large
area loops being included in many circuits. Because the sus=
ceptibility of @ circuit is directly proportional to the area
enclosed in the circuit, point-to-point wiring should not be

used in corjunction with a reference=node structure.
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(2)

IN1212-~63

Figure 3-159. System Nodes and Reference Node -
Operational Amplifier

All system nodes should be located very close to the reference
node. In general, this means that none of the system nodes
should be at the normal terminals of the component portions of
the system. The terminals of these various component portions
should be connected to the system nodes and reference node
through lengths of wire. Because the only nodes are at the
system reference-node structure, the wires are considered as
part of the internal component construction. The terminals of
R, (points 3 and 4 on figure 3-159) are of no significance in
the system. They must be wired to system nodes A and 8, and
the resistance of the wire considered part of Rin' Similarly,
the terminals of be are wired to nodes B and C, and the resis-
tance of the wire becomes part of be. The wires are then
twisted together, as indicated, to form cables containing each

complete closed circuit. Feedback is taken directly from the
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(3)

(4)

system node structure. The wire resistance is included inside
the feedback loop, and the amplifier output impedance is not
substantially increased by the use of long wires leading to the
node structure. The amplifier output exists at the rode struc-
ture, and the voltage at the actual amplifier terminals is of

no more significance than any other internal amplifier voitage.

Potentiometric connection of the same amplifier is shown on fig-
ure 3-166. Voltages at the actuai amplifier terminals (points §
through 8) are not meaningful. The potent ometric amplifier in-
put nodes @re A and B, and the amplifier output nodes are node C
and the reference node. |If wiring is done as shown on figures
3-159 and 3-160, it is of the utmost importance that the ampli-
fier input low side (point 6) and the amplifier output low side
(point 8) not be connected internally at the amplifier. If >uch
an internal connection should exist, connecting both these
points to the reference node would create a ground loop. Such a
loop would be a complete circuit and may enclose a substantial
area. This loop would be subject to picki:p from any changing
current in the system,or any magnetic field existing in the re=
gion where the system is located. Unfortunately, points 6 and 8
are often connected internally. When this is done, only one
point should be connected to the refcrence node. Single wires,
from the amplifier-input high side and the amplifier output,
should be run together with the single ground wire as one cabie.
All area loops, whether due to multiple connections to the ref-

ence node or to any other node, .hould be avoided.

The twisted cables,connecting the various parts of the system to
the node structure,are seen on figures 3~159 and 3-160. The

building of the node structure eliminates all common-resistance
coupling between circuits of the system; and the use of twisted

cables reduces the susceptibility of these circuits to electro-

magnetic pickup.
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Figure 3-160. System Nodes and Reference Node -
Potentiometric Amplifier

c. CLable Considerations.

(M

The grouping of system cables around the reference node pro-
vides an easy point of connection for any required shielding.
Should it be desirable to shield any cable that has at least
one wire tied to the reference node, the shield can be con=-
nected to the reference node. Any cable, that dces not have a
wire to the reference node, should have its shield connected
to one of the system nodes at which it terminates -- ordinari-
ly, @ node that has the least impedance to the reference node.
All shields should be connected to a node tnat is at the same
pocential as the circuit that they are designed to protect.
The foilowing rules apply:

1) Establish a reference node structure

2) Establish a complex of system nodes around,or upon, the

reference system node structure
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(2)

3)

L)
5)

6)

Make system interconnections only at the reference-sys=
tem node structure (do not use point-to-point wiring and
do not ground the other end of a wire that ties to the

reference node)
Connect a conductor to any node only once

Group all connecting wires irnto twisted cables, each of

which contains a complete unit

Enclose, in shields, any cables that carry power or rapid-
ly changing vol tages of any type, or that are susceptible
to electrostatic pickups

Allowable exceptions to these rules are:

1

2)

Circuits, not susceptible to noise, may be wired without

connection to the reference-node structure; however, the
rules regarding twisting of complete circuits and shields
should be followed; otherwise, these circuits will estab~

lish changing fields in other circuits

In many types of high-speed circuits, the capacitance, in-
volved in the long twisted cables called for by this sys-
tem, is not tolerable. In these circuits, interference

rejection may not be supplied by twisting the leads

For greatest protection against outside interference, the sup-

porting structure of the system must ordinarily be connected to

the system reference node. In addition, the chassis of the va-

rious moduies are often tied to system ground. Unless all

modules in the system are properly isolated from the supporting

structure, ground loops may result. |In -ome cases, capacitive

coupling to the supporting structure may cause ground |oops

through which high-frequency currents can circulate. These cur-

rents may necessitate surrounding various system components with

shields. The resvlt of following the rules is a ccnputer that
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appears to have a large sumber of excessively long interconnec-
tions. The long cables, however, are merely extensions of the
various component parts of the system. No system nodes exist
at the terninals of the actual components. Interconnections
are made only between the system nodes, which are closely
grouped at the system central gyround location. The intercon-
nectionsin this system are actually only those very short

lengths of wire between the system nodes.

d. Components.

The wiring recommendations made here place severe limitations on the

computer components that may be used. Among the most important of these

components are power supplies and amplifiers.

(n

(2)

Power supplies. Power supplies, for use in susceptible portions

of a computer that employs a wiring system based on recommenda-
tions made here,must be suitable for use with the reference=-node
structure. The regulated power supplies must be remote refer-
encing. To hold the system-node voltage constant with respect
to the reference node, the feedback must be from the system node.
Unregulated power supplies should have their final filter capaci-
tor connected directly across the system nodes to avoid an in-
crease in output impedance from the external wires. Multiple-
voltage power supplies should not have a common internal ground
connection. To prevent the unintentional creation of ground
loops, power supplies should be isolated from the power line by

carefully-shielded power transformers.

Anplifiers. Feedback amplifiers, for use in a system using the
wiring methods outlined, must be capable of remote feedback con-
nections, as indicated on figur ‘s 3-159 and 3-160. |f the feed-
back is taken from the module terminals, the resistance of the
wires connecting the amplifier tc the system nodes becomes part

of the amplifier output impedance. A further problem,in
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connecting the amplifiers in the system,is the difficulty of
determining the proper number of wires to use. |f the ampli-
fier is a true four-terminal device with an external, isolat-
ed power supply, three cables will connect to it: input,
output, and power. |f the amplifier is rezlly a threeeter=-
minal device, this type of connection cannot be used. Furth=-
er complications may be introduced when the power-supply
ground is common to either the input or output low side of

the amplifier, or both. Figure 3=-161 shows proper connections

to amplifiers of these various internal configurations.

AMPLIFIER A

' AMPLIFIER B
- & JL—&

POWER
SUPPLY

IN1212-65

Figure 3-161. Power Supply Conncctions for Threc-Terminal and
Four-Terminal Amplifiers
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Section IX. MICROMINIATURIZATION
3-52. Introducticn

The objectives of electronic microminiaturization for equipment are in-
creased reliability, and reduction of size, weight, and cost. Size, weight,
and cost reductions are achieved by new fabrication technigques, such as
electrolytic deposition or evaporation of thin films. |Increased reli-
ability is the result of fewer solder connections, replacement of solder
connections by chemically~bonded material interfaces, improved con.rol
of naterials and processes used in fabricating circuit zlements, and
increased redundancy at component or circuit levels. Miniaturized equip-
ment is less susceptible to external interference than conventional equip-
ment because of the smaller areas and volumes available for interference
coupling, and the ease with which smaller volumes can be shielded. Also,
because of the low-level operation of miniaturized equipment, the gen-
eration of radiated and conducted interference is minimized. There are
two interference problems in microminiaturized packaging: interference
between microcircuits, and interference that originates external to
microcircuits. Microminiaturized equipment operates at low-power levels, so
that the radiated energy is negligible and does not cause interference.
Problems exist when only a part of a system is miniaturized. In such
a case, the electronic design engineer, responsible for interference
reduction, should decide if the remaining nonminiaturized portion will
affect the operation of the miniaturized unit. The engineer should be-
come familiar with the different types of resistors and caepacitors avail-

able for miniaturized circuit design.

3-53. Basic Miniaturized Components

8. There are three typical resistors used in microminiaturized circuit
design; two of them are shown on figure 3-162. The first type is simply a
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bar of semiconductor with ohmic contacts at both ends (fig. 3-162A).
This bulk type is limited to low values of resistance. One reason
for this low resistance is that the bar can not be too thin or narrow,
or its lack of physical strength will make it difficult to handle.
The second resistor type, the diffused-layer silicon resistor, is
shown in different versions on figure 3~1628 and 3-'62C. A thin
layer of p-type material is formed in an n-type bar. When reverse
biased, the p-n junction isolates the diffused layer from the rest
of tne bar. Because the diffused region can be very narrow and
thin, the resistance of this configuration is greater than that of
the bulk resistor. The third resistor type is the thin-film de-
posited resistor which is a resistive material deposited on an
insulating substrate. The resistive material can be chesen “rom

a wide range of materials, varying from common nichrome tc erotic,
specially-fabricated alloys. Large values of resistance ar. poss-
ible,using the thin-film technique,because the deposited laver can
be made small in cross-sectional area.

b. There are two basic types of capacitors for use in minia-
turized circuitry: the thin-film type and the p-n junction type.
The thin-film capacitor is composed of two conducting layers with
a flim of dielectric between them. Common configurations are
successive layars of silicon, silicon oxide, and a deposited metal,
or successive layers of deposited metal, an insulator, and then
another layer of deposited metal. The p-n junction normally op-
erates as a diode; but, If the junction is reverse-biased, it func-

tions as a capacitive element.

€. The resistive and capacitive circuit elements can be com-
bined to form distributed RC networks, as shown on figure 3-163.
The diffused layer shown has high conductivity; the p-n junction
supplies the capacitance, and the bulk material functions as the
resistance. Various electronic functions can be obtained from
the same circuit by different contact arrangements. For example,
it is possible to have one contact on the bottom instead of two
or three contacts.
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IN1212~14

Figure 3-162. Semiconductor Resistors for Microminiaturized

Circuit Design
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IN1Z212-18

Figure 3-163. Distributed RC Network with Equivalent Circuit

d. There is no satisfactory way to produce minisature inductors.

A circuit to be miniaturized should be completely redesigned with
a view toward el!minating all of the inductances. Although this
is not always possible, a significant reduction in the number of
inductors used in typical circuits can be effected.
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3-64. Miniaturized Circuit Formulation

There are three basic approaches used to form miniature circuits:
discrete components, multilayer thin-film, and semiconductor solid-

State.

3. Discrete-Component Circuit. In this approach, each component

is produced separately and miniaturized individually. In the
micromodule system, each component is placed on an individual ce-
ramic wafer, and tﬁen several wafers are stacked to form a module.
The standard micromodule dimensions are 0.31 x 0.31 inch, with the
wafer thickness allowed to vary depending upon the component. On
each wafer, connections are brought out to notches on the sides of
the wafer. Riser wires are placed in the notches to interconnect
the components and form the desired circuit. After the connections
are soldered, the entire unit is encapsulated in enoxy for pro-
tection. The finished module may be plugged into a »nrinted-board
circuit in the same manner as a transistor. The height of & module
depends upon the number and type of components used. Another dis-
crete component design involves placing a complete circuit inside

a transistor can. Because of the resulting small volume, it is
unlikely that an interference signal could be induced in one of

the internal circuit=loops. The largest loop in this type may

have an average area of only 0.002 square inch, which precludes
interference coupling. These circults,however, are interconnected
by printed circuit-boards, or similar devices, and therefore
produce larger loops and have increased interference susceptibili-

ty.

b, Multilayer Thin-film Circuit. Components, such as resistors
and capacitors, can be readily fabricated by thin-film techniques,
both accurately and reiiably. Inductors, transistors, and diodes
have not as yet been successfully produced by this mathod. Numer-
ous thin-film resistors and capacitors can be deposited on top
of one another to form complex-circuit multilayer structures. In-
sulating layers, deposited between the components,provide isolation..
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Figure 3-164 reprecents 16 layers, formed coincident with each other,
to produce a typical digital circuit. All the necessary inter-
connections are also suppiied by the depositions. The complete
structure is only a few mils thick. Multilayer structures can

be made small enough to be effectively used as a single compcnent
i1 discrete component circuits. In these multilayer structures,
magnetic coupling is not much of @ procolem,but the capacitive
coupling effect can be pronounced. Coupling within a single struc-
ture is significant and,therefore,should be taken into consider-
ation in the initial design of the structure. Coupling betwezn
adjacent structures can be substantial; therefore, care must be

used in the physical arrangement of the system.

£. Semiconductor Solid-State Circuit.

(1) A semiconductor solid-state circuit requires that all
circuit components be located in,or on,one block of
silicon. The desired componenis are formed and inter-
connected by a series of diffusions and deposits. This
type of construction has the advantages of smallness
and reliability. The increase in reliability is due, in
part,to fewer and simpler interconnections. These solid
state ci:cuits have two serious drawbacks: the circuit
elements have loose tolerances because of fabrication
limitations, and the production line yield is low (with
@ corresponding high cost).

(2) A typical NOR semiconductor solid-state circuit is shown
on figure 3-165. The schematic circuit is shown in fig-
ure 3-165A; the B circuit is similar to A, but is shown
in three dimensions to simplify the explanation of C.
The individual resistor, RA’ and capacitor, C, in schematic
A,have been changed to a distributed network in B. The
actual semiconductor solid-state circuit is represented
by figure 3-165C. In C, large bars are composed of solid
silicon and used as bulk resistors. The four round dots
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Figure 3-164, Sixtee  Evaporated Layers Forming a Typical
Digita Circuit
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Figure 3-165. Typical Semiconductor Solid-State NOR Circuit

3-334



to the left are the input diodes, which are formed on the
bar by diffusion. A fine gold wire connects each diode,
to the appropriate input lead. To the right of the diodes
is the distributed RC network. The large, rectanguler,
raised area is a silicon-oxide layar with a metal clec~
trcde on its surface so that the result approximates the
distributed network shown in B. To the right of the dis-
tributed network is a small rectangular chmic contact,
which is a small area of conductc* ailoyed to the siiicon
bar to provide « lead bond at that point. A gold wire
runs from this contact to tt= base of the transistor, as

shown in B. The resistcr, R is the bulk resistance be-

)
tween the ohmic contact and ghe tab at the bottom labeled
(-V). The transistor ;s focrmed and located on the shortar
bar. The remaining component, Rc, is the bulk resistance
between the collector of the transistor and the tab la-

beled (+V).

(3) Another example of a semiconductor solid-state circuit
is I1lustrated on figure 3-166, The schematic circuit di-
agram is A; C is the same circuit rediawn with the (ndi-
vidual res!stor and capuscitor replaced by a distributed
network. The model at B shows only the bulk resistors;
the completed circult i« illustrated at D, which shows
two transistors, gold wires, and the deposited layers that
form the distributed RC network. This circuit is enclosed
in a package, 0.250 x 0.125 inch in outside dimensions.
Fcr interference susceptibility, the most critical loop
contains the emitter and base of a transistor. |In this
circuit, the area of the loop is estimated to be 0.0003
square inch; therefore, the possibility of interference
is remote. Larger, more critical loops ars formed when
such circuits are interconnected. This is not serious

considering that, because of the over-all size reduction,
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Figure 3-166. Typical Semiconductor Solid-State Flip-Flop

the loop in a solid-state circuit will only be about 1 per-
cent of the area of a similar loop in conventional equip-
ment. Miniaturized components, in mechanical proximity to
each other and subject to magnetic coupling,can be wrapped
with strips of Netic or Co-Netic foil, or its equivalent,
prior to final assembly. Such wrapping eliminates special
tooling of small enclosures to accommodate each of the
affected items. In many applications where miniature com-
ponents are used, a wide variety of enclosures can be fab-

ricated to protect the components.
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3-55. Minifaturized Circuitry

Miniaturized circuitry has been widely used in if amplifiers.
The if strip module, shown in figure 3-167, has several fabrication

characteristics typical of miniaturiz.d circuits. These include:

1) Resistance-welded joints between component leads and

longitudinal interconnecting nickel ribbons

2) Polyurethane foam potting-compound to support both

joints and components

3) Nickel-sheet shield-can, 0.005-inch tiiick, to provide a
tolerance-free potting mold and interference shielding

for the circuitry

L) coaxial-type sockets flush with the module shield-can,
or nickel-ribbon leads, or pins, extending from the module

shield-can for interconnection

5) Shield-can cover, soldered on with nickel peel-strip for

ease in removing cover

6) Tuning holes provided in the shielc-can. Althougn not
really a part of the module design, a soldered tab sys-
tem is essential for mounting. This system eliminates

hardwars and simplifies installation or removal

8. Figure 3-168A shows the schematic of & 24-mc if strip with
four stages, 80-db gain, and approximately 2-mc bandwidth. The
actual construction used is shown on figure 3-1688. Interference
can be reduced if all the leads are shortened to minimize their
acting as radiating sources and receivers. The stages are trans-
former-coupled, therefore,provision for tuning after final assembly
must be provided. This type of circuitry is also susceptible to
short-term, electromagnetic pulse radiation. The nickel shield-
can is the answer to both the interference and magnetic problems.
The stages are separated by nickel shields to provide some feed-

back reduction.
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Figure 3-168. Typical Four-Stage IF Module Construction
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b. The module contains 60 standard components. They are ar-
ranged in four levels to simplify assembly. The four levels of a
single stage are placed on individual welding jigs. The components
for three stages are placed in the jigs before further steps are taken.
The figure shows nickel-ribbon interconnecting wire for the circuit.
These ribbons run the length of the module as common or bus connec-
tions, or can b. .ut at appropriate points to perform separate cir-
cuit functions. The four levels are assembled and welded, and inter-
mediate ribbons are cut and inspected separately. The four levels
are assembled first into two groups. Interlevel welds are made,

and the two major groups assembled and interwelded.

€. In some design techniques, shield planes are designed within
the wiring module (fig. 3-169). Shield planes are also used to dis-
tribute dc potentials to the individual subassembly modules Ly means
of the through-wiring technique. The -4 volt dc and -10 volt dc
planes act as shield planes since they are effectively connected to
ac ground by the 3.3-uf tantalum capacitors. These connections are
satisfactory, provided that the inductance of the lead !engths of
the capacitor, the inductance of the capacitor, and the capacitance,
are of such value, at the frequencies of interest, to provide a low-

impedance ac connection to ground.
3-56. Ceramic-Filter Application

8. Ceramic filters enable the electronic design engineer to de-
part from conventional design-limiting considerations. The increased
demand for small electronic components has made the miniature ceramic
ladder-filter very desirable. No magnetic shielding is required with
these filters.

b. Receiver design is simplified when ceramic filters are used.
Many space-consuming if stages can be eliminated and improved selec-
tivity stil! be obtainad. In single-sideband communications, ceramic
Iadder-}ilters are very effective in rejecting the carrier frequency
and the undesired sideband. Ceramic bandpass filters often elimi-

nate an extra stage of conversion.
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Figure 3-169. Shield Planes for Distribution of DC Potentials
to Individual Subassembly Modules

&. Ceramic filters are ideally suited to transistor applications
where filter impedance must be in the order of 1000 to 2000 ohms.
Since the effective Q of piezoelectric materials is higher than that
obtained from electrical components, it is possible to transmit energy
through ceramic filters, over a band of frequencics, with a lower in-
sertion loss. Using materials having Q's ranging from 50 to 2,000,
bandwidths are obtainable that range from | to 10 per-cent of centei-
frequency. The power insertion loss of these designs, which is de-
pendent on both Q and bandwidth, ranges from 0.5 to 15 db. |In-
sertion loss of ceramic filters is lower, and their skirt selec-

tivity is better, than that of electrical filters. Ceramic disc-
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type ladder filter designs suppress spurious responses 60 to 100 db
below the passband leve!. They may be employed, for most band-pass
filtering requirements, in the frequency range from 100 to 1000 kc,
and are especially applicable for use in carrier systems and single~
sideband equipment, as well as communications receivers with high-

performance requirements. Ceramic filters are well suited to tran-

sistor circuit applications because of physical size and low impedance.

4. In radio receiver applications, a piezoelectric filter fulfills
the need for selectivity in a fashion superior to that usually pro-
vided by a multiplicity of if transformers. Not only does the ceramic
filter provide a flat passband characteristic and steep skirts on
the selectivity curve, but, in addition, its availability as a lumped
selective network »liows the design engineer considerably more freedom
in providing an optimum receiver design. The stability of ceramic
filters makes them highly desirable for use in communications re-
ceivers. Because of aging, receivers using electrical filters ex-
perience filter-characteristic changes after one year's service.

Such aging requires that the receiver be realigned and a new fre-
quency crystal placed in the circuit. Ceramic fiiters can operate

for ten years before any such realignment is necessary. In the 40O

to 500 kc frequency range, devuiopment has now reached the stage where
temperature and aging properties of the ceramic materials are the
limiting factors in their use. Work on the temperature stability of
materials has progressed to the point where temperature extremes of
150°C can be tclerated. For higher operating temperatures (200° to
250°C), further work will be necessary to improve the stability of
ceramics.

8. Manufacturing processes us.d in ceramic filter fabrication
resuit in low-cost production; they are less expensive to produce
than electrical filte~s. With large scale production and continuing
improvements in techniques, the cost of ceramic-tuned circuits
should decrease anpreciably.
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Section X. ELECTRICAL MACHINERY

3-57. General

Interference reduction design for electrical machinery is divided into
four categories: interference reduction for large motors and generators,
for alternators and synchronous motors, for fractional-horsepower machines,
and for special-purpose rotating machines. The electronic design engin-
eer should regard any rotating machine with sliding contacts as a poten-
tial source of interference because the switching and arcing processes of
commutation cause rapid current and voltage changes that dictribute inter-

ference energy throughout a wide frequency range.

3-58. Brushes

Brushes and brush leads are the most likely components from which in-
terference can be radiated or transferred. |f a motor or generator is
not completely enclosed in such a way as to be adequately shielded, then
the brushes and brush leads may require shielding. The electronic design
engineer should insist that provision be made in the original design of
motors or generators for installation of capacitors at the brushes. Brush-
generated interference may be reduced by Incorporating the following in
the design:

a. Brush Pressure. Generated interference decreases at all frequen-.
cies with Increasing brush pressure. Increased brush pressure, however,
increases the rate of wear. The necessity, nevertheless, of more fre-
quent brush replacement Is a reasonable compromise for the sake of de-

creased Interference.

b. Current Density. Generated interference decreases with decreased
current density. As the current density is increased, more heat is gen-
erated at the brush surface,sliding on the commutator or slip ring. This
heat causes che formation of a thick oxide fiIm on the sliding metal sur-
face. Rap.d variations in the siiding contact resistance, resulting from
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irregularities in this oxide film, cause high-frequency transients that
produce interference. To offset the heat increase, a somewhat larger
brush-surface area than necessary should be designed. Such a design
change will reduce heat and losses due to mechanical friction. On the
other hand, if toc low a current density is used, nonuniform grooves de-
velop on the metal surface of theslip ring or commutator, and frequent-
ly the increased friction, due to the wider brush-surface area, sets the

brushes into a noisy chatter.

£. Brush Resistivity. Brush materials of low resistivity are poor

interference generators and are therefore desirable for use in interfer-
ence reduction designs. A good example of such a brush is an electro-
graphitic carbon drush with 0.0015 to 0.0025 ohm specific resistance in
machines being used at less than 50 volts. Low-resistance brushes ar<
available with silver, copper, or cadmium impregnated graphite. When
used with a comutator, the resistance of the brush should match the re-
quirements for good commutation. The design engineer should select ma-
terial of the lowest resistivity that satisfies the nther requirements

of good functional performance. When used with slip rings, a wide choice
of brush material Is avallabie because no switching action is involved.

3-59. DC Motors and Generators

3. Of all rotating machinery, dc motors and generators are the most
serlous offenders Iin gonerating interfersnce because they require commu-
tators for thelr operation. Commutation Is essentlially a switching ac-
tion that is accompanied by Interference-producing transients and brush
Interference. When 2 switch Is closed in an electrical circuit, the in-
put impedance changes from practically Infinity to zero. If the circuit
contains inductance and/or capacitance, Its voltages and currents cannot
return to normal instantaneously because the energy, stored in the magnet-
ic field of the inductance (or in the electric field of the capacitance),
cannot change instantaneously. Initially, the changing voltages and cur=-
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rents develop steep wave-fronts, rich in harmonics, which decay as a furc-
tion of time. The bars of a commutator, sliding rapidly past the contac-
ting brushes, produce a switching action. This actlon causes extreme var-
jations in impedance, which, in turn, establish the series of voltage
transients, or pulses, that cause Interference. Measures can be taken,

in designing a generator, to minimize the amount of interference generated
by commuiator action. Reduction of commutation transients requires the
use of design techniques tc provide a smooth transition from one value of
impedance to another within each armature coil. Interference, produced

as a result of ~ommutation, is reduced by five design techniques: inter~
poles, compensating windings, increased number of armature coils and

commutator bars, laminated brushes, and commutator plating.

b. The be:t way to imprcve conmutation is by adding interpole wind-
ings. Interpoles counterbalance the self-induction of the armature
coils during the commutation period, and also reduce the induced voltage
in the armature coils resulting from the coil-cutting fringing-flux dur-
ing the commutation period. The use of p. operly designed interpoles
produces 2 rapid change In the armature-coil current at the beginning of
the commutating period, reducing the steepness of the transient at the
end of the commutating period.

&. Compensating windings produce, to a lesser degree, the same effect
as interpoles and, In additicn, help to prevent field distortion. They
also assist In reducing cross flux produced by the armature coils. The
use of Interpoles and compensating windings lessens critical brush posi-
tioning requirements with respect to the commutator, and provides electro-
motive forces in the coils under commutation which oppose the electromo-
tive forces of self and mutual Induction in these colls. Increasing the
number of coils on the armature (thereby increasing the number of commu-
tator segments, or bars) reduces interference by reducing the current
broken per bar and the reactance voltage per coil. The largest rumber of
armature slots, in which the colls are uniformly distributed with respect
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to the commutator bars, should be used, and the armature slots should be
as shallow as possible. The use of short-pltch windings reduces inter-
ference by reducing the reactance voltage of each coil. The break tran-
sients, resulting from the switching action of the commutator, can be
smoothed out through the use of laminated brushes. These consist of
brush materials of different resistivity, cemented together by noncon-
ducting glue which provides insulation between adjacent brush segments.

The ideal cperation of laminated brushes is indicated on figure 3-170.

LEADING SEGMENT,
LOW-RESISTIVITY
MATER! AL

TRAILING SEGMENT,
HIGHeRESISTIVITY
MATERI AL

COMMUTATOR BAR | — COMWTATOR BAR
\ '
ARMATURE CO'L WJ QLL ARMATURE COIL
~
/// N

. 7 DIRECTION OF ROTATION ~ .

IN1212-86

Figure 3-170. Commutation of an Armature Ccil by Laminated Brushes
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Having the successive segments of the brush increase in resistance, avoids
the sharp current drop after the brush leaves the commutator segment. A
more linear coll-current reversal results, thus reducing the break tran-
sients. The segments of the laminated brush are insulated from one anoth-
er by some suitable bonding material, and electrically connected by the
brush lead or brush spring. Circulating currents, resulting from the self-
inductance of the coil undar commutation and from the coil-cutting fringe
flux from the pole pieces, must flow through the entire length of two
brush laminations. The total res’stance of this length is much greater
than that presented by a direct path across the face of the brush (as
would occur with a solid brush). Circulating currents are, therefore, re-
duced early in the commutation period,and desirable division of current

through the two adjacent commutator bars is achieved.

d. Good commutation can be achieved over a fairly wide range of brush
positions, relative to the magnetic neutral, so that brush positioning
becomes less critical and less dependent upon armature current. The de-
sign of laminated brushes should include two or, at most, three lamina-
tions. The following criteria should be Incorporated in the des’gn:

1) Tus thickness of the leading-edge lamination of a two-lamination
brush should be about 90 per- cent of the total thickness, and
its resistivity should be as high as allowabtle for heat dissipa-
tion

2) The resistivity of the tralling-edge lamination should be about
15 times that of the leading edge; this lamination should be
thick enough to preciude mechanical weakness

3) A thermosattisgy cement of six-mil thickness should be sufficient
to provide electrical insulation between the sections. A ce~
mert, that will preclude the formation of a smear of conducting
particles from brush wear on the ribbing edge, should be used;

It should have a wear-rate equal to that of the brush
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L) A brush,with varying resistance characteristics from the leading
edge to the trailing edge,can be manufactured without the use
~f insulating separators and will act somewhat like a laminated
brush

e. A copper commutator, in contact with a carbon or graphite brush, de-
velops, after several hours, a layer of copper oxide,mixed with carton
particles, from brush wear. This copfpar-oxide film introduces unidirec-
tional electrical properties (polarity effects), as in a copper-oxide rec-
tifier. The oxide layer has a non!inear resistance of higher value at
the brush used as cathode, than at the one used as anode. The cathode
brush, as a result, passes current in discontinuous, high current-density
surges, which cause interference. Approximately ten times as much inter-
ference may result from the cathode brush as from the anode brush. Pla-
ting the copper commutator with chromium to a thickness of about one mil
will reduce the interference level from a cathode brush to that of a
relatively quiet anode. No adverse effects will result from the plating:
in fact, the hard chromium surface prevents threading and grooving of
the commutator. Wear-rate and sliding friction of many brush materials

on chromium are c€ the same order of magnitude as those for copper.

f. Design features that improve commutation also reduce interference
generation. The design engineer, faced with using an interference-produ-
cing motor or generator, can incorporate seveial interference-reducing
techniques. The most effective and economical technique is the installa-
tion of capacitors at the brushes. In generators, for example, install-
ing capacitors at the brushes applies the remedy as close to the interfer-
ence source as possible. The interference, generated by the commutator and
the brushes, will be bypassed to the generated housing. The lead from the
brush to the cepacitor should be as short as possible, and the capacitor
should be bonded to the generator housing to provide a low-impedance
path to ground for the interference currents. A good value for such
a capacitor is 0.1 ufd with a double voltage rating, depending on
the individual machine. Because of the combined interference-generat-

ing ctairacteristics of the commutator and the brushes in a dc generator, an
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additional capacitor Is Installed at the output (armature) terminal,
The preferred Installation is a feed-through capacitor through the
generator housing. The alternate installation is a 0.1 uf bypass ca-
pacitor, mounted externally, to maintain electrical contact with the
generator housing and minimize the lead length between the terminal and
the capacitor. Figure 3-171 illustrates the mounting of a bypass capa-
citor at the armature terminal. The installation of capacitors reduces
the interference appearing externally on th. armature, field terminals,

and wiring.

SOLDER TO TOOTH-TYPE LOCKWASHERS

PREVENT
SEP ARATION

CLAMP
SOLDER SHIELD TO CLAMP

= 0.1 WF, 100 VDC CAPACITOR

GENERATOR

SHIELDED CABLE

IN1212-67

Figure 3-171. Mounting of Bypass Capacitor at Armature Terminal in a DC
Generator

9. Over-all shielding Is necessary to prevent the radiation of inter-
ference from within the generator. 7ihis shielding is afforded by the gen-
erator housing, which should b. designed to provide maximum shielding
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effectiveness. Ventilation openings should be screened to prevent radia-
tion of interference into space. No matter how perfectly a yenerator
shield is designed, the shaft provides an exit path for interfer=nce be-
cause it must penetrate shielding. The interferance should be bypassed
directly to the generator housing by grounding the shaft through a brush,
riding on 4 special grounding slip ring (or riding directly on the shaft).
This grounding will also eliminate bearing interference {tearing static

or shaft current), Bearing interference results from a periodic dis-
charge of static electricity that takes place, through the bearing, between
the shaft and the housing. Eddy currents, induced in the shaft and the
housing by the flux lines in the motor, can cause currents to flow through
the bearing. These currents can also be caused by certain combinations

of armature segments per pole, air gap and permeability inequalities, ro-
tor eccentricities, insulation leakage, or stray electric fields. Another
possible source of leakage from the shield is the inspection-band. This
band is disadvantageously placed because of its proximity to the inter-
ference-generating brushes and commutator; however, its function,of per-
mitting inspection of the brushes and commutator, prevents its being

moved to another location. To prevent leakage, the inspection-band should
bes machined as closely as possible, and should be wide enough to cover

the inspection opening adequately, with sufficient overlap to ensure good
contact. The band should have bolts, spaced every two inches, to permit
secure tightening. Interference gasketing should be installed around

the periphery of the opening. After removal of an inspection-band, all
contact surfaces on the band and the generator should be thoroughly
cleaned before the band Is put back into position.

h. The last shielding consideration for a generator housing Is to
ensure good contacts and low=-impedance paths between the three sections
cf the generator; the two end-plates, and the main housing. This is
accomplished by the bonding and shielding practices discussed in Sections 111
and |v of Chapter 2. The design considerations, for minimizing Interfer-

ence generated by brushes and commutation action In dc generators, also
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apply to dc motors. Capacitors, installed at the brushes, bypass the gen-
erated interference to ground close to the source, providing an effective
and economical means of suppression (fig. 3-172).

d. On some dc motors, an adjustable speed control is included in
which the field leads are connected to an externally-mounted rkeostat.
This arrangement necessitates breaking the shield continuity, and there-
fore enables interference, generated inside the motor, to be conducted
out of the housing. Capacitors, installed inside the motor housing con-
nected to these leads, however, will bypass such interference to ground.
Figure 3-173 shows a motor with four installed capacitors: one each for
the two brushes, and one each for the two field leads. The feed-through
capacitor should be mounted at the positive lead (A, fig. 3-174). A
less acceptable interference reduction technique for the same motor uti-
lizes bypass capacitors at the brushes (B, fig. 3-174).

3-60. Alternators and Synchronous Motors

2. Alternators and synchronous motors are very similar to dc genera-
tors and motors, except that they supply or use ac, and therefore have
slip rings Instead of commutators. Commutator interference is absent In
these machines. There Is, however, interference from the brushes and
from the generation of harmonics. Brush interference is lessened because
most alternators and synchronous motors have stationary armature and
rotating fields; heavy power currents need not be supplied to the rotor.
Only the much smaller field currents have to be supplied through the
brushes. Because commutation need not be considered in the selection
of brushes, the design engineer is permitted a much wider choice in
brush pressure, slze, and material.

b. In ac generators, careful attention by the design engineer will
minimize the ganeration of harmonics and the resonant conditions that
create interference. Production of as pure a sine wave as possible (an
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Figure 3-172. Capacitor installation at Brushes in a DC Motor
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Figure 3-173. Capacitor Installation at Bruszhes and Field Leads in a

DC Motor
important consideration in the design of alternators) Is especially im-
portant when interference.reduction techniques are considered. A com-
paratively minute harmonic content may be quite tolerable from all points
of view except that of interference reduction. In the reduction of har-

monics, special attention must be given to:

(1) Elux distribution. The most important factor determining the
waveform of the generated voltage is the distribution of the
magnetic flux around the periphery of the armature. Sinusoi-
dal distribution, which produces the least amount of interfer-
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Figure 3-174. Capacitor Installation in DC Motor
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(2)

(3)

(4)

ence, may be achieved by chamfering the pole tips or skewing
the pole faces.

Symmetry. In a perfectly symmetrical machine, all even har-
monics automatically disappear; therefore, special care must
be exercised to construct identical pole pieces, to make the
yoke and armature perfectly symmetrical, to produce a perfect-
ly uniform winding on the armature, and to avoid all other ir-

regularities.

External connections. In a three-phase alternator, the third

harmonic and its multiples disappear at the terminals except
when the machine Is wye connected and has its neutral grounded,
in which case third harmonics are present in the voltage be-
tween any phase and neutral. This connection should be avoided,
or, If It must he used, special attention should be given to
the prevention of the third harmonic and its multiples.

Distribution factor. The distribution factor should be cho-
sen to eliminate the lowest harmonic not eliminated by any of

the devices mentioned In (2) or (3).

(5) Tooth ripples. The generaticn of tooth ripples is greatly de-

creased by skewing, through one slot pitch,either the pole shoes
or the armature slots. Tooth ripples may be eliminated alto-
gether by making the number of armature-siots per pcle-pair an
odd number. The chord factors, for the harmonics that are con-
tained In the tooth ripples, are ther -educed to zero. Slip
ring and brush materials should be such that interference is
minimized. The design considerations, applied to brushes and
commutator surface inaterials in dc machines, apply equally well
here. The effects of brush bounce, due to vibration or irregu-
larities of armature motion,can be minimized by the use of two

or more brushes per siip ring.
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€. In addition to the interference generated as a result of the brush
action on the slip rings and the harmonics present in the sine-wave out-
put of an alternator, the exciter is a prolific source of interference.
Because both the exciter (essentially a dc generator) and the ac genera-
tor are installed in a single housing, shielding considerations Lzcome a
combination problems Plating of the commutator, the use of proper brush-
es and brush pressure, and the application of bypass capacitors are appli-
cable to the exciter; the other design measures can be applied to the ex-
citer as a separate unit. Although individually designed for interference
reduction, the alternator and exciter each generate some interference;
this residual interference is reduced by shielding and the use of bypass

capacitors installed at terminal outlets.

d. Shielding of the alternator is incorporated in the design of its
housing. Low-impedance paths between sections of the housing, provisions
for bonding, and screening of all ventilating louvres must be carefully
observed If the over-all interference-reduction design is to be effective.
As in dc generators, no mattei how perfect *he shield, a means of escape
from the shield for the interference currents is provided by the alterna-
tor shaft which penetrates the shield. The same procedures for shielding
dc generators therefore apply to alternators. The alternator terminal
outlets provide another means of leakage from the alternator. They are
prevented from radiating Inierference by the installation of capacitors.
Bypass capacitors are installed Inside the terminal strip and are con-
nected tc the terminal outlet just before the terminal breaks the shield.
This arranyement removes Interference from the lead at the last possible
point, preventing interference from coupling back intc the lead and radi-
ating from the tarminals or from their connected wiring. Another type of
installation is to mount feed-through capacitors through the terminal

strip.

e. The problems of interference suppression for alternators also
app'y to synchronous motors. Synchronous motors have the same basic com-
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ponents as alternators. A synchronous motor will operate as an alterna-
tor,and vice versa. An induction motor should be used insteac of a
synchronous motor whenever possible because of the lower interfc-ence

generated by Induction moto: s.

f. The primary source of interference within a single-phase induc-
tion motor is the starting device. The starting winding is in series
with a switch (or capacitor and switzh) that is closed when power is cff.
When the motor reaches approximately 80 per-cent of its rated speed, the
switch is opened (either by centrifugal force or by a solenoid coil) and
a single pulse of interference is generated. This switch should be
placed in a shielded housing; the leads, leaving the housing, should be
filtered.

3-61. Portable Fractional-Horsepower Machines

Portable fractional-horsepower machines include s.ch equipment as por-
table electric drills and saws. Power is furnished by high-speed, light-
weight, ac-dc,or ac slectric motors. Such equipment, using ac-dc motors
(universal motors), is a major source >f Interference because commutation
is essential in Its operation. As In dc motors, an effective, economical
method of designing for reduced commutator-brush interference is by in-
stalling capacitors at the brushes. in some portable ac-dc machines, re-
strictions of size and shepe prevent the Installation of capacitors at,
the brushes, and it is more feasible and economical to mount the capaci-
tors in other parts of the equipment. Installing capacitors at the line
side of the switch bypasses interference to the uait housing at the last
point of exit to the power lines, and prevents the interference from coup-
ling back Into an interference-free lead, and from being conducted by the
power lines. |f the mechanical design of the unit ; revents the installe-
tion of capacitors on the line side of the switch, it is permissible to
install them on the motor side. Shielding may be used to ensure that no
interference couples back Into the leads before they leave the unit.
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3-62. Special-Purpose Machines

a. Speclal-purpose rotating machinery include a variety of equipment;
the srost important of these are rotary Inverters, dynamotors, motor gener-
ators, and generators for electric arc-welding equipment. The function
of conversion is common to most of this equipment: ac is converted to dc,
or to higher frequency ac; or dc is converted to higher or lower voltage

dc, or to ac.

b A rotary inverter, which converts dc to ac, is basically a dc mo-
tor with added taps on the armature winding; siip rings are connected to
these taps to provide the ac output. interference is generated by both
the ac and dc functions; commutator and brush action in the motor, anc
brush action and harmonics in the alternator. Figure 3~175 illustrates
an interference-reduction design technique for an inverter. The s3che-
mat.c diagram shows two feed-through capacltors bypassing intzrference
from the output leads of the alternator. The dc lead is shielded from
the motor by a feed-through capacitor. In addition to the shielding and
the feed-through capacitor on the dc line, a capacitor shield is in-
stalled to prevent radiation from the terminal on the hot side of the
capacitor. This sh'eld also provides a giound for the braid shielding.
The ac output leads do not require shielding because the interference
generated by the alternator is much less severe than that generated by
the dc motor. Bypass capacitors, connected to the brushes in both the
motor and the alternator, should be included in the original dezign. The
housing must adequately shield the unit with a feed-through capacitor,
mounted through the shield for connection to the dc input lead. The ac
leads may not require suppression in addition to that provided by the
capacitors at the brushes.

€. ~ dynamoto (a combination dc motor and geneirator with a single
magnetic field) has an armature with tw- seParate windings and two sepa-
rate commutators, one at each end o: the armature. It transforms low-

voltage dc to high-voltage ic, or vice versa. The two commutators make

3-358



AC OPERATION
117 vaC INPUT

FEED=- THROUGH CAPACI TOR
2.0 UF, 20 Mes, 100 VOC

CAPACITOR SHIELD CaPACITOR, O.f LF,

:_-[/S“IILOIQO SRAI O

DC OPERATION
t2 voc INPUT

2
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this machine a particularly proliflic source of interference. The suppres-
sion techniques for dc generators and motors .. y to the dynamotor. Flé-
ure 3-176 illustrates a dynamotor, with feed- - .. .gh capacitors bypassing
interference to the housing on both the input and outp.c leads. Complete
shielding of the dynamotor prevents Interference from leaking through

other paths.

d. The use of ac commutator motors shouid be avoided whenever possi-
ble. Universal motors fall into this category, as well as repulsion motors
and series ac motors. The performance advantage of these types Iis their
high-starting torque; their interference generation, however, is much
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Figure 3-176. Interference Reduction Design Technique for a Dynamotor
more severe than that from other types of ac motors.

8. High-starting torque with ac motors can be obtained without in-
creasing Interference generation by using capacitor-type starting, in-
duction=run motors. These motors use a high-capacitance condenser for
starting pnrposes only. Starting torques of 200 to 350 per-cent of full-
load torque are feasible with acceptable starting currents. Ratings from
1/8 to 10 hp are avallable.

f. Generators,for electric-arc equipment, require special attention only
when connected to such a severe source of interference as the electric
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arc. The generator can be either ac or dc, and be driven either by an ac
or dc motor or an engine. Nothing can be done to reduce the interference
generated by the electric arc itsSelf. The equipment should be located
away from communication equipment, and in buildings with good shielding
rharacteristics. The leads, from the generator to the welding electrodes,
can become very effective interference radiators and should be adequate-
ly shielded.

3-63. Summary of Interference-Reduction Design Techniques for Rotating

Machinery

a. DC Generators.

(1) Install capacitors at the brushes.

(2) Install a capacitor at the armature terminal, either feed-

through or bypass.

(3) Shield the housing. The housing should have screened louvres,
conducting gaskets between sections, and, if an inspection
plate is needed, it should be tight-fitting and gasketed.

(4) Shield the terminals. They should be covered with individual
caps that terminate in threaded fittings, or with a shield,
covering both terminals which terminate in one threaded fitting.

(5) Shield the interconnecting wiring between the voltage regula-

tor and the generator.
(6) Install a shaft bond.

(7) Maintain good bonding between the generator and the driving

engine.
b. DC Motors.

(1) Install a feed-through capacitor at the positive terminal to

eliminate the need for capacitors at the brushes and shielding




of external wiring.

(2) Install capacitors at the brushes (alternate installation to
item 1).

(3) If the motor is equipped with an adjustable speed control, in-
stall capacitors inside the housing at tte field leads. The
field leads are bypassed just prior to their exit from the mo-

tor housing.

(4) sShield the housing. The housing should have screened louvres

and conducting gaskets between sections.

(5) Maintain good bonding between the motor ard ground through ei-
ther direct mounting or through th: use of bond straps.

c. Alternators.

(1) Install capacitors at the slip-ring brushes.
(2) Install capacitors at the exciter brushes.

(3) Mount feed-through capacitors tnrough the terminal strip in the
output leads, or install bypass capacitors Iinside the terminal
strip and connect them to the terminal outiet just before the
terminal breaks the shield; this makes shieiding of the alterna-
tor output leads unnecessary.

(4) Shield the housing. The housing should have screened louvres
and conducting gaskets betwesn sections.

(5) Install a shaft bond.
(6) Install braided shielding on the lead from the exciter to the

voltage regulatocr.

d. Synchronous and induction Motors. The same measures chat apply to
alternators apply to synchronous motors. An induction motor, however,
should be used instead of a synchronous motor whenever possible because
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It generates less interference.

e. Portable Fractional-Horsepower Machines with Universal Motors.

(1) Install capacitors at the brushes.

(2) Install capacitors on the line side of the switch at the last
possible exit of interference onto the power lines.

(3) shield the unit housing.

f. Rotary Inverters.

(1) Install capacitors at both the commutator and slip-ring brush-
es. The ac output leads ordin:rily do not require shielding
If cap.citors are installed at the slip=ring brushes.

(2) shield the unit housing.

(3) Mount a feed-thruugh capacitor through the shield for connection
to the dc input lead.

9. Dynamotors. The same techniques apply for dynamotors as for dc
generators and motors.

h. Gensrators for Electric-Arc Equipment. Leads from the generator

to the welding elecirodes should be shielded.
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The basic directive relating to interference reduction is: Memo for
the Secretaries of the Army, Navy and Air Force, subject '"Radio Fre-
quency Compatibility', dated July 19, 1960, with attachment ''Radio Fre-
quency Compatibility Program) dated 9 June 1960.

In addition to the material listed here, excellent general interference
bibliographies have been prepared by Georgia Ipstitute of Technology
under Contracts DA36-039 sc-74855, DA36-039 sc-87183 and DA36-033
AMC-02294 (E) .

Listed in the following bibliography are articles, papers, reports
and texts to which the reader may refer for more discussion pertaining
to specific areas covered in this Guide. All bibliography entries are
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|. Absorbers for Electro-Explosive Devices, Development of Broad
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Filtron Company, Inc., Aug. 5!

6. Aircraft Altimeters, Determination of Causes & Extent of Inter-
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7. Alrcraft Interface Study, AN/USD-7 (S)
Cutler Hammer, Feb. 9 62
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A

Absorber strips in a waveguide, 3-1th
Absorption
atmospheric, mechanism of, 1-2%
loss, shield, 2-39 ff., 2-59, 2-75
calculations, 2-47, 2-L8
copper, 2-51, 2-58, 2-73, 2-83
Hypernick, 2-48
iron, 2-51, 2-58, 2-73
metals, 2-48, 2-49, 2-78
at 150 ke, 2-%0
Mu-metal at low-frequency, 2-77
non-magnetic, 2-78
AC motors, interference due to slip-ring
friction in, 2-213

Activity
series, electromotive, 2-84
sunspot, 1-23

tabie, electromotive, 2-26
Addition of shot noise and thermal noise,
formula for, 3-11
Adjacent channel
interference, 3-245
definition of, 3-245
response
‘carrier beat'' type, 3-2ué
‘'monkey chatter'' type, 3-246
signal masking'' type, 3-2h6
Admittance, mutual, ccupling, 1-48, 2-202
AEEL conductive gaskets, 2-150, 2-1§|
Agitation, thermal, interfererce, 1-6
Air
gap
corona
critical gradient of, 1-3b4
geometric configuration of, |-34
elimination of, 1-40
inequalities, interference from, 3-350
impedance of
copper and nickel mesh, 2-102
perforated meta! and honeycomb, 2-102
shielding screens, 2-116
or dust seal gasket, 2-146
resistance {see air impedance)
tight and interference-tight combina-
tion gasket, 2-~1bLi
Aljak cavle, 2-177, 2-179
Alodyne 1200 chromat. film for interference
suppressicn, 2-"°
Alternator
distribution factor of, 3-355
“lux distribution in, 3-353
sneration of harmonics in, 3-361
interference, 3=351
suppression ot, 3-343, 3-351, 3-355
shield,ng of, 3-356

INDEX
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Alcminum
bonds, 2-27, 2-28
chassis, rf, attenvation of, 1-53, 1-74
dc contact resistance of, 2-88
electroless nickel plating for, 3-208
foil
electrostatic shielding by, 2-209
ground plane, 2-209
jacketed, coaxial Aljack cable, 2-177
jumper for bonds, 2-28
knitted wire conductive gaskets, 2-155
mesh, woven, conductive gaskets, 2-151
rf resistance of, 2-89
screen yasket impregnated with neoprene,2~150
shields, anodizing of, 2-84
Ambient
interference, definition of, 1-2,
noise level, permissible, 2-1&4
temperature of a filter, 3-96
AM detector, interference in, 3-2u4&
Amplifier
computer
power supply connections for, 3-326
system node construction in, 3-325
if, miniaturized, 3-337
klystron
coaxial harmonic filter in output of, 3-51
test of, 3-36
magnetic, interference from, 3-!89, 3-190
nonlinear, spurious responses, 3-214
operational, system nodes and reference
node for, 3-32!
potentiometric, system nodes and reference
node for, 3-323
transistor, cross-modulation in, 3-68
triode, formula for equivalent noise
resistance for a , 3-13

1-3

111
as an attenuator, 3-4I
description of, 3-4)
outyut characteristics of, 3-48
Amplistat, int.rfzrence from, 3-190
Ampiitude
irves for various waveforms, 1-7, |18
distortion after modulation as & source of
wdr,owband interfererce generation,!-20
modulution splatter
definitinon of, 3-28)
formula for, 3-281
AN-type connectors, sealing of, 2~143
Analog cunputing equipment, susceptibility
ot, 3-317
Analysis
conductad interference, 1-535
Fourier, of & rectangular pulse, 1-9, :<]1
interference
breadboard stage, 2-3
radisted, 1-54
transient pulse shapes, !-20



INDEX

AN/GRC-( )
sncillary equipment, rfi design plan for,
1-72
EMC considerations fcr, 1-50
insertion loss considerations of, 1-58
rfi design plan for, 1-52
susceptibility consideraticns of, 1-5¢
Angular modulation splatter interference ficu
transmitters, 3-280
Anodizing of aluminum shields, 2-84
Antenna
conducted tests of EMC t.st plan,
coupler rfi reduction, 1-58
directionai, 3-31i4
interference, suppression of, 3-312
local oscillator radiation from, 3-254
location uvf, 2-222
patterns, suppression of interference Ly,
3-314
receiving, shield, 2-38
side-lobe reduction, interference suppress-
ion by, 3-31%
stage, transmitter, suppression of inter-
ference from, 3-236
systems
design of simple (see Department of the
Army Technica} Manual TM-11-666, An-
ten;ias and Radio Propagation), 3-314
interference suppression of, 3-3ih4, 3-315
transmi tter, 3-278
wire, shielaing, 2-38
Antennas
matched, or interference
types Of’ 3'3'20 3'3'3
Antielectric field shields,
Antimagnetic field shields,
Aparture, 2-92
attenuation, formula for,
characteristic impedance, formula for,
2'931 2'99
reflection loss, formula, 2-93, 2-9k4
ventilation, typical screen installation
over, 2-10§
Apertures
as waveguide attenuators, 3-108
in a shield, shielding effectiveness of, 2-98
Appendix to EMC test plan, 1-99
Arc
carbon, lamps, suppression of, 2-156, 2-157
posi tive tempersture-coetficient
thermistors for suppression of, 3-55, 3-56
welding equipment, generators for,
suppression of, 3-358
Armature
colls for interference suppression,3-345,3-346
seagments per pole, interference from combi-
nations of, 3-350

1-97

suppression, 3-316

2-78
2-78

2-93

Armor, metal, cable, 2-180
Armour Research conductive gasket, 2-150 f°
Arterial ground paths, 2-1€
Astronomy, radio, 1-25
Atmospheric
absorption and reradiation, 1-25
interference, 1-6, 1-21, 1-4]
ATR and TR tubes
interference in, 3-47
shielding of, 3-k7
Attenuation
aperture, formula for, 2-93
calculatiuns, 2-95
cunstant, 2-45, 2-96
feed=-through capacitor, 3-137
filtter, 3-89 ff.
power line, formula for, 3-93, 3-94
idea! tuned circuit, 3-217

local osciilator, in receivers, 3-25h
order, 2-102

radiated field, 2-39

rf, of aluminum chassis, 1-53, 1-74

shield, 2'39, 2-L40
apertures, 2-92
conductive gaskets, 2-146
honeycomb, 2-115, 2-124
mesh, 2-103
screen, 2-11k4, 2-115
transmi tter coupling, 3-288
waveguide, 2-100
circular, 2-127, 3-109
formula for, 2-128, 3-108
hollow=-pipe, 3-107
rectangular, 2-126, 3-110
Attenuator
TWT aniplifier, 3-4]
waveguide, 2-129
aperture, 3-108
circular, formula for, 2-128
rectangular, formula for, 2-125
shield, 2-116
tube, 2-130
Audio
processing of modulation splatter inter
ference, 3-304
spectrum of the average male voize, pec
clipping suppression of, 3-30k4
susceptibility of receivers, 3-202
transmitter intermodulation, 3-283
Automatic ain control, instantaneous, fo
interference suppression, 3-269
Auxiliary
channel for interference suppression, 3
power un.ts, location of, 2-222
shield, usc of, 2-80
Avalanche breakdown of Zener diode. 3-76




B

Back-lobe interference suppressicn, 3-315
Backward-wave tubes, shielding of, 3-47
3alanced
circuit, conditions for, 2-2I4
coaxial line with common shield, 2-185
linear discriminator, interference in, 3-246
mixers for suppression, 3.-245
Bandpass
curves, typical receiver, 3-225
delay line, TWT, 3-Lk
filter, 3-L4, 3-204, 3~232, 3-25h4
stripline, 3-102
Band rejection stripline filter, 3-102
Bandwidth limitation, inadequate, 1-20
Basic
reduction of interference, 3-3
series limiter for pulse interference
suppression, 3-273
Batteries, bias, for switching interference
reduction, 3-179 ff.
8eam voltage in a TWT, velocity vector of,3-46

Bearing
interference suppression, 3-350
static, 1-29

Belt static, 1-28
Beryllium copper
bond strap, 2-22
gasket, 2-151
Bessel
coefficient, formula for, 3-307
function for
modulation index, 3-35
relative side band strength, 3-34
B-factor, shield, 2-39, 2-hi, 2-4k4, 2-59 ff.
copper, 2-58, 2-83
iron, 2-58, 2-74
steel, 2-74
Bias batteries for switching interference
reduction, 3-179 ff.
Bimetallic plates for bonds, 2-26
Black jacket cable, low-temperaturse, 2-178
Boards, printed clrcuit, 2«13
Bolt fasteners for bonds, 2-22, 2-23, 2-27
Bond
ac impedance of, 2-19
aluminum, 2-27
jumper for, 2-28
bimetallic plates for, 2-26
bolts, 2-27
brazed joint, 2-22, 2-36
cadmium finish for, 2-27
cadmium-plated washer for, 2-28
capaci tance, 2-20
chromium plating for, 2-27
clamps, 2-27
coating, 2-26
connections, 2-37

INDEX

Bond
cunnector, 2-i188
contact area, 2-29
contraction, 2-37
copper, use of, for. 2-27
corrosion, 2-26
resistance, 2-2i
corrugated, 2-29
dc resistance of, 2-20
definition of, 1-3
direct, 2-22, 2-36
dissimilar metal, 2-36
effectiveness, 2-19
electrolytic action on, 2-29
engine shock mount, 2-32, 2-33
environment, 2-26
expansion, 2-37
fatigue resistance, 2-21
finger, phosphor-bronze, 2-30
finish metal for, 2-28
frequency range of, 2-29
galvanic corrosion of a, 2-22, 2-29
gold, use of, 2-27
grease protection of, 2-26, 2-29 ff., 2-36
hinges, 2-37
impedance, rf, 2-20
measurements of, 2-20
indirect, 2-22, 2-29
inductance, 2-20, 2-29
iron, use of, 2-27
Jjumper, 2-26
lead, use of, 2-27
magnesium, use of, 2-27
washer for, 2-28
materials, 2-27
mating surfaces of a, 2-36
mechanical, 2-26
metal connection for a, 2-28
metal-to-metal contact of, 2-22, 2-36
moisture in o, 2-29
nickel, use of, 2-27
permanent-type, 2-36, 2-37
physical charscteristics of, 2-2)
plete, 2-26
plating of, 2-26
platinum, use of, 2-27
polysulphate coating, 2-26, 2-29 ff., 2-36
potential drop across, 2-19
protective coating for, 2-26, 2-36
relative motion of, 2-29
replaceable components for, 2-26, 2-27
resistance of, 2-19, 2-21
rf
effectiveness of, 2-19
ground, effect on filter effectiveness,
3-117
impedance of, 2-21
rotating joint, 2-30



Bond
screw-tvpe for a, 2-28
seal for, 2-29
semipermanent, 2-36
separator, 2-26
shaft, 2-30
shielding inteqrity of, 2-3i7
shock mount, 2-23, 2-31
silver, use uf, 2-27
size of, 2-2!
scldered, 2-22, 2-37
stranded, 2-24
strength of a, 2-21
surface materials for, 2-26
<weated, 2-22, 2-36
teuperature coefficient of, 2-21
tin, use of, 2-27
tinned cupper jumper for, 2-28
tooth-type loch washer for, 2-22, 2-29
types of, 2-22
vibration of, 2-29, 2-37
washer, 2-26, 2-27
we lded, 2-22, 2-36
zinc-plated, 2-27
Bonding, 2-19, 2-26, 2-29, 2-202

cabinet, 2-219, 2-220
cable, 2-34

shield, 2-193 ff.

tray, 2'3" 2'35) 2‘36
clamps, 2-°0, 2-198
conductive gasketing, 2-221
conductors, indirect, 2-37
conduit, 2-34
connections, location of, 2-37
direct, 2-22
effect on pi-section filter of, 3-116
effectiveness, low-frequency, 2-19
equipment cabinet, 2-36, 2-218
filter, 3-123
flexible

cable, 2-34

conduit, 2-30
halo applications, 2-193, 2-196, 2-197
hinges, 2-31, 2-~35
impedance, meximum allowable, ¢-21
inadequate, 2-19
interference-producing unit, 2-3
jumpers, 2-19, 2-21, 2-23%
metal selection, 2-26
practices summarized, 2-36
rack, 2-218
receiver shields, 3-209
rigid conduit, 2-30, 2-34
shield, 2-186, 2-192
shock=-mounted

equipment, 2-29

tray, 2-22i
slip ring, 2-30
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Bond-strap, 2-L, 2-22, 2-23
beryllian copper, 2-22
bolting installation, 2-23
braided, 2-24
corrugated, 2-22
effectiveness of a, z-21
equivalent circuit of a, 2-20
finishes., 2-26

tlexible, 2-22, z-71

ivpedancy of a, 2971

length=to-aidth ratio of a, 2-24, 2-37
wtal=to=-wtal cortact ot a, 2-23
phosphur tronge, 2-22

radiator of rt energy, 2-21
tesilivrne;, 2-22

~escnant frequency of a, 2-29

self

inductance of a, 2-21
resonance of a, 2-21
solid, 2-22 ft., 2-31
i 'pedances ot a, 2-2%
strandea, 2-24
vehicle enyine, 2-29
width-to-length ratico of a, 2-221
Boot-strap capacitor in UJT circuit, 3-8€
Box-shielc
Faraday
clopper input transformer, 3-152
double, fcr power transformer, 3-151
isolation transformer, 3-152
low-leve! input transtormer, 3-152
measuring leakage between transformer
primary and secondary, 2*-150
Braided
bond-scraps, 2-24
conductors for bond straps, 2-23
Brass, silver-plated, knitted wire conductiv
gaskets, 2-15%
Brazed
bond, 2-22
joints, 2-36
Breadboard stage, interference analysis, 2-:
Breakdown, avalanche, Zener diode, 3-76
Bridge, resistonce, 2-19
Bridging
suppression of, 3-160
type switch-generated interference, 3-16C
Broadband
interference, 1-6, 1-9, 1-68
definition of, 1-2
from
control circuitry, 3-159
corona, 1-34
electrical machinery, 1-26
solid-state power supplies, 3-202
in receivers, 3-222
intermodulation tests for EMC test plan, |
Brush
capacitors for interference suppression,3-



Brush
current density effect on interference
emission, 3-343
interference from alternators and synch-
ronous motors, 3-361
pressure effect on interference emission,
3-343
ras.stivity effect on interference emission,
3-3h4
Brushes
in a dc motor, capacitor installation at,
3-352, 3-353
laminated
commutation of armature coi! by, 3-346
for interference suppression, 3-345, 3-347
low-resistance, for interference suppression,
3-344
suppression of interference from, 3-343
Buckling betwcen fasteners with thin material,
2-131
Bulkhead
filter, 3-4, 3-11§
installaticn of, 3-4, 3-5, 3-123
mounting of feed-through capacitor, 3-137
Bulk-type semiconductor resistor, 3-328
Bullet septa in a waveguide, 3-111, 3-113
Bus
ground, 2-6, 2-1}
multiended, 2-16
series coanections in a, 2-16
single-point arrangement of, 2-12
Bypass capacitor, 2-192
construction, 3-129
impedance-vs-frequency, characteristic of,
3-123
interference reduztion by, 3-117
mounting at armature terminal in & dc
generator, 3-349

C

Cabinet
bonding, 2-36, 2-2i8 ff.
equipment shielding, 2-218, 2-221
Cable
Aljak, 2-179
application, 2-lo2
trisxial, 2-199
armored over the shield and jacket, 2-177
black jacket, low-temperature, 2-178
bonc, 2-34
characteristic impedance, 2-176, 2-186
circuit configurations, 2-210

INDEX

Cable
coaxial, 2-184 ff,
AMjak, 2-177
commercial, 2-180
aouble shielded, 2-177
heliax, z-179
noise~free, 2-177
shielding, 2-38
single, shielded, 2-177
connectors, 2-182
Cirusstaik 1n a, 2-260
double shield, twisted pair. 2-177
fiberglass jacket, 2-179
flexible
bonding of, 2-34
flat-conductor, 2-210
gray viayl jacket, 2-178
grounding, 2-12
interference
radiated from, 2-176
transferred into, 2-176
leakage power, 2-177
metal armor, 2-180
mutual coupling, 2-200
noise-free, 2-179
polyethylene jacket, 2-178
rf, shielded, interference currents in, 2-191
routing, 2-199
shield
bonding, 2-193 ff.
halos for, 2-193
effectiveness of, 2-186
foil, zipper tubing for, 2-171
grounding, 2-186
interlacing straps for, 2-193
shielded, 2-30, 2-177
double conductor, 2-i177
foil, 2-170
harnesses for, 2-18§
method of introducing, 2-190
mul ticonductor, 2-177, 2-184
rfi reduction, 1-73
spiral-wound, 2-171
twisted pair, 2-188
shielding, 2-176
transmission, 2-80, 2-8)
single shield, 2-i77, 2-184
tray bonding, 2-31, 2-35, 2-36
triaxisl, 2-177, 2-i80
types, 2-177
Cabling, 2-176
elements, common-impedance, 2-2)2
interference, interconnecting, 2-176
methods, typical, 2-20]
power, 2-213
wye-connected transmission system, 2-213
Cadmium bonds, 2-27, 2-28



talculations for fsee formula for)
Calibration of test equipment fur EMC t=..
pltan, 1-90
Capacitance
between conductors, 2-199
bond, 2-20
coupling, 1-48, 2-209
Faraday shield
formuta for, 3-149
measurement of, 3-149
distributed, of couils
inductance type, 3-14l
single-layer, numograph for, 3-1h4b
affect of lead inductance on, 3-125
insertion loss at a given trequency,
formula for, 3-138
leakage »f a Faraday shield, 3-149
mutaal, 2-202
of electrostatic coupling, 2-205
to ;yround, 2-209
of a filter, 3-96
Capacitive
cuupled circuits, 2-206
coupling, 1-u8
crosstalk, 2-211
Capacitor, 3-89
boot=strap, in Uu. circuit, 3-86
bypass, 2-192
construction, 3-129
fur interference
reduction, 3-117
suppression, 3-349
impedance of, 3-123
ceramic disc, resonant frequency of, 3-133
cunstruction, non-inductive, 3-128
feed-through, 3-136
attenuation, characteristic of, 3-137
bulkhead mounting of, 3-137
construction, 3-137
current-carrying capacity of, 3-140
decoupling networks, 3-249
insertion loss, 3-135, 3-157 ff.
formula for, 3-138
installation, 3-123
optimum vaiue of, 3=-140
shield assembiy, 3-125
fixed, equivalent circuit for, 3-123
impedance of, 3-128
insertion loss cffectiveness of, 3-128
installation at brushes of d¢ motor, 3-352 ff.
interference suppressinn of, dc motors, 3-35I
lead
inductanc~ of, 3-123
length vs resonant frequency, 3-130
type, 3-128
‘ica, resonant frequency vs lead length, of

3-132
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fapactor
miniaturized
p-n junction type, 3-328
thin-film type, 3-328
paper tubular, resonant frequency vs ieac
length, 3-131
resonant frequency
forwula for, 3-218
shifting by varying lead length, 3-130
stud-type, of, 3-136
velection for filters, 3-123
serie resonant frequency of, 3-127
standoff type, resonant frequency, vs> lead
length, 3-134
switching interference suppressors, as, 3-
Capacity (see capacitance)
Carbon arc lamps
shielding of, 2-156
suppression of, 2-157
Carrier-beat type of adjacent channel resr r.s.
3-"hy
Carroll, John M., '"Mechanical Design for
Electrcnics Production', McGraw-Hill,
1956, 1-52
Cathode-ray tube op 'nings, shielding of, 2-16%
2-16"
Cathodes, oxide-coated, in a penthode, noise
trom flicker effect of, 3-17
Caulking
applications, conductive, 2-174
compound, Eccoshield VX, for shielding, 2-1;
Cavity
magnetron
electromagnetically coupled, 3-26
tuned
saction, 3-113
wavequide, 3-111
Ceramic
capacitor, standoff, resonant [requency of,
3-134
filter for microminiaturization, 3-340
ladder filters, 3-342
Channel
definition of, 3-224
frequency sprcad, 3-224
interference, adjacent, 3-245%
width for interfe;ence suppression, 3-293
receiver, 3-224
Characteristic impedance
sperture, 2-93
formula for, 2-99
cable, 2-176, 2-186
rectangular waveguide, formula for, 2-95
stripline filter, 3-104
Chassis
mounting of filters, 3-118
potential, distribution of, 2-9
plot of, 2-9
Choke
flange, waveguide, modification of, 2-216




Choke
in plate and cathode circuits of thyratron
for interference reduction, 3-6
Chopper inp.t transformer
Faraday box-shield for, 3-152
shielding techniques for, 3-146
Chromium plating for bonds, 2-27
Chronosphere of the sun, 1-23
Circuit
boards, printed, 2-13
shields on, 2-13
coupling effects, 1-48, 2-202
equivalent, cf a bond strap, 2-20
ground points, 2-15
grounding of, 2-14
Circuits
capacitively-coupled, 2-206
grounding of, 2-5
relay switching, 2-207
Circular waveguide
attenuation of, 2-127, 3-109
attenuator, formula for, 2-128
cutoff frequency, lowest, formula for, 2-128
operating below cutoff, 2-125
Circulating currents, effect of, 2-17
Clamp, bonding, 2-27, 2-30, 2-198
Class
A, permanentiy closed joint, 2-149, 2-152
B, tixed pusition joint, 2-149, 2-152
C, completeiy interchangeable joint,
2-149, 2-152
Clipped sawtooth pulse, formula for inter-
ference level of, 1-1§
Clipping, side-band, in & receiver, }-230
Coating
bond, 2-26
grease, 2-29, 2-30, 2-36
polysulphate, 2-29, 2-30, 2-36
shield, Eccoshield type ES, 2-172
Coaxial
cable, 2-177 ff.
shield, 2-38
harmonic filter, in ovtput of high-power
klystron amplifier, 3-5I
microwave fliter, 3-102
Co-channe! interference in receivers, 3-226
Coil
distributed capacitance, nomograph of, 3«1l
inductance
distributed capacity of, 3-141, 3-143
equivalent circuit of, 3=-141, 3-143
field losses of, 3-14i
heat rise of, 3-14)
inductance of, 3-141
permeability of, 3-14l
resistance of, 3-14]
saturation of, 3-ii!
magnetization, formula for, 3-145
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Collector, transistor,
circuit, formula for noise ierm in, 3-61}
voltage, noise fiqure
as a function of, 3-65
dependence on, 3-67
Combination
air-tight and interferance~tight gasket, 2-l&
gasket for air pressure and rfi seal, 2-132
pressure and interference seal, 2-lLl
Commercial coaxial cable, 2-180
Common
ground return, 2-i4
mutual impedance of, 2-202
path interference, 3-80
impedance cabling elements, 2-212
potentis! refercnce point, 2-5
power supplies
compatability of, 3-153
interference suppression for, 3-155
pulse shapes, formula for interference
iavel of, 1~-15. }=-18, 1-1i9
shield-ground for muitishielded cables, 2-193
Communications
raceivers
interference in, 3-216
location of, 2-222
transmitters, location of, 2-222
Commutation
of armature cuil by laminated brushes, 3-346
suppression of interference of, 3-345
Commutator
current density effect on interference
emission, 3-343
interference, |-44
pleting for interference suppression, 3-34S
Compatibility
elactrical, 2-12
electromagnetic
control plan, 1-50
test plan, 1-87
Compensatina windings for interference
suppression, 3-345
Complex
propagation constant, 2-96
stripline filters, 3-104L
wave shape, composition of, 1-6
Component,
electric field, 2-4S
magnetic field, 2-i4S
selection for interference suppression, 3-29h4
shields, 2-78
Components
interfarence in, 3-3
interfering, 2-4
Composite shields, 2-78
Compressed knitted wire gasket, 2-150
Compressible gasket, 2-133



INDEX

Computer Cunuug ti ve
amplifiers, wower supply connections for, gashket
3-326 plastic materials, 2-146
anal sy, susceptitility of, 3-317 pressurized, 2-145
-ircuit interference, permissible level of, cain=tight, 2-145
3-317 rubber, ¢-1£0, 2-152
components for system node construction, sereen inpregnated with neoprene, 2-15!
3-325 selection, 2-152
vigital, interterence suppression in, 3-317 serrated contacted tingers, 2-162
veierral interforence scurces for, 3-318 shielding eftectivencss v, 2-i46
interference silicone pabbicr, 2-151
aenerated by, 3-31y suit mwetal, 2«151
cappressiun by System nedes, 3-319 vaven aluninue eeshy, 21561
internal interference sources in, 3-318 interference, narrowbend, 1-69
node system constructicn. 3-320 surface cvatings us shields, 2-172, 2-175
paver supplies, suppression of, 3-325 Concuctivity
reference node structure, 3-319 coupper, 2-99
susceptibility of, 3-317 relative, Z-45
system node Conductor
constructian length-to-wavelength rat.u, 2-13
anplifiers in, 3-325 radiation, 2-4
cable cunsiderations in, 3-323 Conductors
structure, 3-319, 3-320 braided, for bond straps, 2-23
Cunductance, egquivalent capacitance betueen, 2-199
diouve, ratio of transconductance of a mutual inductance between, 2-164
triode to, 3-13 twisted-pair, 2-184
noise, o vacuum tubes, 3-18 Conduit
Conduc ted bond, 2-34
at susceptinility tests of EMC test plan, flexible, 2-18i
1-94 bonding of, 2-30
antenna tests uf EMC test plan, 1-97 metal, use of, 2-214
interference, 1-46, 1-47, 1-55, 2-213 placement of, 2-214
from slitline fluorescent lighting fix- rigid bnnding of, 2-30, 2-34
tures, 2-159 chield, flerible metal, 2-38
in SCR's, 3-82 shielded, 2-181
suppression of SCR's, 3-83 sulid metallic, cables routed through, 2-17
tests, 1-4 tubing, 2-30
rf interference of EMC test plan, 1-91 Conduit and wireways, placcaent of, 2-214
rf susceptibility of EMC test plan, 1-94 Co-Netic
Conducting gasket, flat, 2~136 AA shields, 2-163, 2-171
Conduction foil chield, 2-172
current, 2-202 shield material, 2-78, 2-165, 2-16b
interference, 1-46 ff. Connection
transmi tters, 3-288 earth, 2-6
interfering signals, 2-1h ground, 2-10, 2-11
of if signals from receiver, 3-255 impedance of, 2-8
radiation interference, 3-288 lug, 2-9
Conductive metal for bonds, 2-28
caulking applications, 2-i7k4 Connec tor
electronic resilient weatherstrips, 2-136 AN-type, sealing of, 2-143
epoxys for joints, 2-174 application sunmary, 2-183
finishes for shield corrosion protection, bond, 2-188
2-8L4 cable, 2-182
gasket, 2-22, 2-131, 2-133 grounding, 2-188
AEEL, 2-151 shield continuity, 2-191
applications, 2-136, 2-137 shielding integrity of, 2-186

Armour Research, 2-151, 2-152
knitted wire mesh, 2-151, 2-15§
materials, 2-150

metal over rubber, 2-162




Constant
attenuation, 2-L45, 2-96
phase, 2-96
pro.agation, 2-9%
Contact
area of a bond, 2-29
bond
metal-to-metal, 2-36
strap, 2-23
erosion, switching, 3-173
fingets, grsket, 2-150
metal-to-meial, cover and case for inter-
ferance shields, 2-1583
resistance, dc, for aluminum, 2-88
Contacted fingers, serrated, conductive
gasket, 2-152
Continuous equipment enclosure shield, 2-191
Contraction, bona, 2-37
Control
circuitry, broadband interference from,
1-159
circuits, transistorized, for switching
interference reduccion, 3-192
crystal, of :tunnel diodes, 1-32
EMC, plan, 1-50
interference, 1-3, 2-3, 2-19
of power supplies, 3-153
remedial, 2-3
swi tching, of
electron vacuum tubes, 3-189
gas-filled diode tubes, 3-189
magnetic amplifiers, 3-189
thyratrons, 3-189
pane! panctrations, shielding for, 3-207
plan, electromegnetic compatability, 1-50
Conversion, double receiver, 2-230
Converter, image frequency response in, 3-229
Copper
beryliium, gaskets, 2151
bonds, 2-27
braid shielding of magnetic flelds, 2-38%
conductivity of, 2-99
foli
as & ground plane, 2-209
elactrostatic shielding by, 2-209
jumper for bonds, 2-28
mesh, air impedence of, 2-192
oxide film, effect on interference emission,
3-348
permesbility of, 2-99
screening, 2-124
shielding effectivaness, 2-105, 2-108 ff.,
2-12)
measurements of, 2-123
shield
absorption loss for, 2+51, 2-58, 2-73
8-factor for, 2«74
penetration loss of, 2-72

Copper
shield
reflection loss for, 2-5)
solid
absorption loss of, 2-83
8- fartor for, 2-83
reflection loss of, 2-83
shi:lding effectiveness of, 2-58, 2-83
total refliection loss
at both surfaces of, 2-21
in electric field of, 2-67
in plane wave field of, 2-69
wire, formula for inductence of a straight
piece of, 3-12§
Corona
air qap, l-34
elimination of, 1-LO
geometric configuration of, 1=-34
broadband interference, 1-34
circvit, equivalent, 1-39
insulating shields for, 1-39
interference, 1-34
level
plane-to=corner configuration, 1-35
pisne-to-cylinder configuration, 1-36
plare-to-plane configuration, 1-37
plane-to-sphere configuration, 1-38
of the sun, 1-23
voltage, ralationship of geometry to, 1-39
Correction factor, formula for
sperture reflections, 2-9%
closely spaced shaliow holes, 2-10)
coupling between closely spaced sha!low
holes, 2-95
number of openings per unit square, 2-94
penetration of conductor at low frcqucnci;z.
2-
reflection celculetions, 2-96
Correction for
closely spaced shallow openings in a shield,

2-98

number of shield openings, 2-96

screen-type shields, low frequency, 2-98
Corrosion

bond, 2-22, 2-26

control, electromotive force series for, 2-8§

galvenic couple, 2-86

orevention for shie'ds, 2-38, 2-84

resistance of & obond, 2-2)

soldering as & cause of, 2-85

strancsd bond, 2-i4
Corrugated

bond, 2-29

bond-strep, 2-22

waveguide fiiter in magnetron, 3-52, 3-108
Cosine pulsa, formula for interferance level

of, 1-1§



Cosine~squared pulse, formula for interference
level of, 1-15
Cosmic
interference, 1-23
noise, 1~-21
Couple
electrolytic, 2-26
galvanic, corrosion of, 2-86
Coupling
between closely spaced
operings, 2-93
shallow holes, correction factor for, 2-95
capacitance, 2-209
of a Faraday shield, formula for, 3-149
capacitive, 1-48
circuit, 1-48, 2-202
crosstalk, 2-200
electric field, 2-199
electrostatiz, 2-13
interference, 2-206
mutual capacitance, by, 2-205
incuctive, 1-49, 2-199
field of, 3-1kli
intercircuic, 2-1§
interference, 2-k, 2-203
conduction, by, 1-k7, 1-48
interstage, 2-15
magnetic, 2-204, 2-205
field, 2-199
mutual inductance through, 2-203
reduction, of a twisted pailr, 2-205
mutual
admi ttance, 2-202
cable, 2-200
impedance, 2-202
in a node, 3-320
interference, of powsr supplies, 3-154
radistion, 2-202
signal resulting from step voltn:o. 2-208
stray, In receivers, reduci’on of, 3-205
Critical gradient of air gep, 1-34
Critically demped exponentisl pulse, formula
for interference level of, 1-1§
Cross-modulation, 3-66, 3-221
am recelver, 3-222
charscterics, recelver, 3-222
definition of, 1-3, 3-22%
distortion, 3-221
high=frequency trsasistor amplifier, 3-68
interference
raceiver, 3-202, 3-225, 3-293, 3-294
spurious external, formula for, 3-302
Crosstalk
copacitive, 2-211
con ling, 2-200
definition of, -3
intercable, 2-176
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Crosstalk
interference, 2-200
magnetic and electric fields, 2-199
mul ticonductor cable, 2-200
Crystal control of tunnel diodes, 1-32
Current
carrying capacity of feed=-through capaci-
tor, 3-140
characteristic for Zener diode regulator,
3-77
conduction, 2-202
density effect on interference, 3-343
ground, 2-13 ff.
induced on perforated metal shield, 2-10¢
interference in shielded rf cable, 2-19}
regulator interference, 1-34
return, 2-15
transmission line conductor, formula
for, 2-82
upon switch opening, formula for, 3-177
Cutoff
frequency, waveguide,
circular, formula for lowest, 2-128
rectangular
formula for lowest, 2~128
operating below, 2-125
waveguide below, 2-41, 2-96, 2-.0), g-lln
-1.%
CW carrier, interference from, 3-269

Damped exponential pulse, critically,
formula for interference level of,
Dark noise, 3-22
Daytime atmospheric interference, 1-21
DC
contact resistance for aluminun, 2-88
motor
capaci tor instaliation in, 3-351 ff.
interference suppression of, 3-34k4
resistance of & bond, 2-20
transformer, iuterference in, 3-99
Decoupling
definition of, 1-3
interstage, suppression by, 3-257
megnetic, 2-205
networks, feed-thru capacitors in, 3-249
oscillator harmonics, 3-226
plate and filament circuits, 3-232
-eceiver, 3-203, 3-205, 3-212
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Decoupling
test points, 3-212
UJT circuits of SCR's from supply transi-
ents, 3-86, 3-87
Definition of
ambient interference, 1-3
bond, electrical interconnection, 1-3
broadband interference, 1-3
cross modulation, 1-3, 3-221
cross-talk, 1-3
dark noise, 3-22
decoupling, 1-3
emission, spurious, 1-5
heterodyne interference in receivers, 3-248
impedance stabilization network, 1-4
imoulse noise, 1-b
insertion loss, -4
integral suppression, -4
interference, 1=k
ambient, 1-3
broadband, 1-3
narrowband, 1-4
tests, l-4
intermodulation, 3-216
linear mixing, 3-243
narrowband interference, 1-4
netvork, impedence stabilization, 1-k
noise, impulse, 1-h
nonlinear mixing, 3-24b
receiver desensitization, 3-246
response, spurious, 1-5
shield, I=4
small aperture, 2-116
spurious
emission, |~5
rasponse, 1-5
stabllizetion network, impedsnce, -k
suppression, integral, I-b
susceptibllity, 1-5
tests, interference, |-b
transmi tter
coupling emissior:, }-286
fundamenta! emission frequency, 3-278
interference, 3-278
intermodulation emission, 3-282
noise emission i~terference, 3-281
parasitic emiss. .\, 3-280
shock-exitation emission, 3=-286
tplatter interference, 3-280
wave trop, 1-5
Delay line
band-pess, TWT with, 3-kh
interference suppression by, 3-265
pulse-width discriminator, 3-267
supersonic, interference suppression by,3-262
T,
fraquency vs delay-per-unit length fur a,
3".2' 3"‘3
impedance vs frequancy for, 3-h$
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Depth effects, skin, 2-93
Derivations (see formula for)
Desensitization
interference, 3-246
receiver, 3-203
definition of, 3-2u46
Design for Electronics Production, Mechanical
by John M. Carrol, McGraw Hill, 1956,
1-:2
Design plan, rfi for
AN/GRC-( ) anci'lary equipment, 1-72
government furnished and contractor pur-
chased items, 1-86
Moden Unit MD-( ), 1-6k
Radio Set AN/GRC-( )}, 1-52
insertion loss considerations of, 1-58
susceptibility considerations of, 1-58
Detection, "double-threshold", for inter-
ference suppression, 3-264
Detec tor
homodyne, interference in, 3-246
infini te impedance, 3-272
perfect envelope, interference in, 3-24§
product, interference in, 3-245
square law, interfererce in, 3-245
synchronous, interference in, 3-24§
Diffusad-layer silicon resistor, miniatur-
lz‘dn 3-328
Divfusion and drift currents in a transistor,
noise from, 3-59
Digital
circuit, evaporated layers forming, 3-333
computing equipment, interference suppression
in, 3-317
Diode, 3-69
equivalent, ratio of triode transconductance
to conductance of a, 3-13
interference, 3-69
roduct!on. 3’690 "73’ 3"68
by peckaging, 3-72
rectifier circuits, interference reduction of,
3-24, 3-78
shot noise and thermal nolse in, 3=1I
silicon, interference in, 3-69
space~charge~limi ted,
nolse effects in, 3-14
shot effect in, formuls for, 3-10
with resistive load, fornula for
shot noise in, 3~}
thermal noise in, 3-11
switching interference reduction by, 3-162,
1"“» "'690 3-1n, 3"78
temperature=-limited,
formula for mesn-squared noise current
fluctuations in, 3-9
shot effect in, 3-9
tubas, gas-filled, switching interference
contro! of, 3-189




diode
tunnel
crystal control of, 1-32
interference, =32
parasitics in external circultry, 3-78
2ener, 3-76
avalanche breakdown of, 3-76
interference, 1-31, 1-33
reduction for, 3-79
regulator characteristics, 3-77
switching circuits for reducing excess!ve
potentials, 3-77
Oipole field, static, 1-U47
Direct
bond, 2-22, 2-36
emission from transmitters, 3-279
view storage tubes, magnetic shielding
of, 2-165
Directional antennas, 3-31b
Disc ceramic capacitors, resonant frequency
vs lead length of, 3-133
Discharge
gas lamp, suppression ¢”
glow, switch gap, 3-159
tube interferenc., 1-30
Discrete® -component circuits, siniaturized,
3-331

2-156, 2-157

viscrimination
ORF, in radars, 3-260
pulse-width, for interference suppression,

3-265
Discriminator
balanced linear, interference in, 3-2L6
circuit, prf
disgram of, 3-261
for interference suppression, 3-262
pu i 3e-width
delay line, 3-267
integrator type, diagrem of, 3-266
weveforms for, 3-268
simple, interference in, 3-206
Dissimilar metals
bond joints betwsen, 2-36
in bonds, 2-22
Dissipation, hest, of shields, 2-38
Dissipative filter, description of, 3-100
Distorzion, cross-modulation, 3-221
Distributed capacitence of
inductance coils, 3-1h), 3-143
single-layer coil, nomograph for, 3-l14b
Distribution factor of slternators and
synchronous motors, 3-355
Disturbances, atmospheric, !-Ul
Dog-house shield, 3-210
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Double
conversion in @ receiver, 2-230
Faraday box-shielded powsr transforn
~Pi filter for reducing switching int
ference, 3-i96
shielded cable,
coaxial, 2-177
twisted pair, 2-177
Doublers, double-tuned amplifier stage
tween, 3-232
Double-threshold method of detection f-
interference suppression, 3-26-
Double~-tuned
amplifier stage between doublers,
circuits in transmitters, 3-296
tank circuit for transmitter interfer
suppression, 3-291
Drawn magnetic shields, 2-16i
Drift
and diffusion currents, transister,
froml 3‘59
transistor, 100% moduiated interfer’
voltage, 3-72
Dual antenna systems for interference .
pression, 3-315
Ducts, honeycomb tube, as waveguides nr
cutoff, 2-101
Dust seal, gasket, air, 2-146
Duty cycle of a filter, 3-95
Dynamntor
interference suppression of, 3-358, .
location of, 2-222

E

Earth
connection, 2-6
radiation from the, 1-26
Eccoshield
€S material, 2-173
methy] ethy) ketone solvent for, 2-i,
surface coating, 2-172
VX caulking compound for shielding, &
Effectiveness, shielding (see shieldinc
effectiveness)
Electric
arc-welding generators, interference
suppression of, 3-358
field, 2-47, 2-59
attenuation by honeycomb shields, ¢
g-factors in, 2-60




Electric
field
component, 2-U4S
coupling, 2-199
crosstalk induced by, 2-199
intensities at & shield, 2-39
intensity, 2-45
reflection lcss in, 2-51, 2-52, 2-75
shields, 2-78
shielding effectiveness in, 2-53, 2-57,
2-77
source, reflection loss to a, 2-48, 2-59
stray, interference from, 3-350
total reflection loss in, of steel and
copper shields, 2-67
Electrical
bond connections, low-impedance, 2-37
compatibility, 2-12
equipment, ground connections in, 2-10
interconnection bonds, definition of, 1+3
machinery interference, 1-26
suppression of, 3-343
resistance of a bond, 2-19
transmi ttance
of semitransparent shielding materials,
2-165
ratio of, to optical transmittance, 2-165
weatherstripping applications, 2-139
Electroless nicke! plating for aluminum, 3-208
Electrolytic
action on bonds, 2-29
corrosion of bonds, 2-26
couple, 2-26
€Elec tromagnetic
energy, leakage of, through holes, 2-9.
shislding, 2-38
wave, attenuation by nesh shield, 2-103
Electromagnetically coupled cavities in s
magnetron, 3-26
Electromotive
activity
series, 2-84
teble, 2-26
force series of commonly used metels, 2-27
use of, to control corrosion, 2-85
potential between dissimilar metels,
slimination of, 2-84
Electron tube (see vacuum tube)
Electronic equipment shielding, 2-38
Electrostatic
coupling, 2-13
by mutual cepecitance, 2-20§
interference, 2-206
shieiding by sluminum foil, 2-209
for rf transformers, 3-212, 3-231

EMC for Radio Set AN/GRC-( ), 1-50

control plan, 1-80
test plan, 1-87
af conducted susceptibility tests in, 1.9
sntenna conducted tests of, 1-97
appendix to, 1-99
conducted rf interference tests in, 1-9!
equipment list for, 1-102
front end rejection tests in, 1-9%
interference data for, 1-104
intermodulation tasts
bSroadband, 1-96
narrowband, 1-96
radiated interference tests of, 1-92
rf susceptibility tests
conducted, 1-94
radiated, 1-93
susceptibility data for, 1-103
test
equipment for, 1-89, 1-50
operation of, 1-91
report for, 1-100
setup and calibration for, 1-90

Emission

direct, from transmitters, 3-279
frequency, fundamental, transmitter,
definition of, 3-278
harmonic, from transmitters, 3-279
suppression of, 3-298
interference
effect of current density
brush, 3-343
pressure on, 3}-34)
resistivity on, 3=3hb
commutator on, 3-343
oxide film on, 3-343, 3-348
slip ring. 3-343
transmi tter noise, definition of, 3-281
loca! osclillator, suppression of, 3-255
perasitic
suppression of, 3-302
tronsmitter, definition of, 3-302
rendom prf, 3-26k
recelver, 3-251 f¢.
undesired, 3-198
secondary, in vacuum tubes, 3-9
shock-excitation, definition of, 3-286
spurious, 1-5
trensmi tter, sources of, . '8
suppression of, 3-298
temperature-limi ted, in vacuum tubes, 3-9
transmitter, 3-278
coupling, definition of, 3-286
harmonic, formula for, 3-279
intermodulation, definition of, 3-282
nolse, suppression of, 3-308
parasitic, definition of, 3-280
suppression of spurious, 3-289
undssired, in receivers, 3-198




Emitted power at & shield, 2-39
Emitter
current, transistor noise figure
ss a function of, 3-65
dependence on, 3-66
noisc source in a trensistor, formula
for, 3-60
Enclosure
radiated interference test, 2-92
sean design, 2-87
shield, continuous, 2-191
shielded,
design of, 2-bk
switching !nterference filter in, 3-195
Epoxys, conductive, for joints, 2-174
Equation for (see formulz for)
Equipment location for interference reduction,
2-221
Equipotential points, 2-9
Fquivalent
circuit,
bond strap, 2-:20
corons, -39
fixed capscitor, 3-123
ground noise in electronically coupled
circults, z-18
magnetron, 3-26
roise
conductance for vacuum tubes, 3-18
resistance
for a triode mixer, formula for, 3-13
referred to grid in vacuum tubes, 3-18
Evecusted serroted-ridge wavequides, 3-108

Evaporated layers forming digitel cir:zuit, 3-333

Extraneous modes of oscillation of meynetrons,
1-20
Extraterrestrial redio interference, 1-25

F

Factor, correction (see correction factor)
Faraday
box-shield for
chopper input transformer, 3-152
isolation trensformer, -152
low=-level input transformer, 3-146, 3-152
shield
coupling cepacitence,
formula for, 3-149
measurement of, 3-149
leakage capacitance of, 3-149
transformer, 3-148
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Fasteners
bolt, for tonds, 2-22
shield, 2-'29
with thin nateris!, buckling between, 2-
Fatigue resictance of bond, 2-2!
Feed-throughr capacitor, 3-130
attenuation characteristic, 3-137
bulkhead mounting of, 3-137
construction, 3-137
decoupling networks, use of, 3-2L9
filter installation, 3-123
insertion loss of, 3-135, 3-137 ff.
formula for, 3-138
optimum vaiue, selection of, 3-140
rating of current-carrying capacity, 3-
shield assembly, 3-125
Ferrite filter, 3-111
materials, rescnant, in waveguides, 3-
tube, lossy, 3-100
insertion loss characteristics, 3-100
fFerrous shielding for magnetic fields, 2-
Fiberglass jacket cable, 2-179

Field
B-factors in electric, magnetic, and '
wave, 2-60
component

electric, 2-W%
magnetic, 2-u4S
electric, 2-47
crosstalk induced by, 2-199
intensity, 2--45
reflection loss in, 2-5!, 2-59, 2-75,
shielding effectiveness in, 2-53, 2-7
tota! reflection loss in, 2-67
induction, 1-47, 2-39
inductive, coupling of coils in, 3-14]
‘ntensity
at & shield, 2-39
magnetic, 2-45
formula ¢or, 2-81, 2-82
increments! permeability as a funct
of, 3-:147
irnterfarence, shielding of, 2-77
leads in dc motor, capacitor instcllct;
3-
level, nagnetic, inside a shield, 2-82
losses of inductance coils, 3-ikl
magnetic, 2-47, 2-48
copper brald shielding for, 2-205
crosstalk induced by, 2-199
low impedeance, 2-46
penetration loss for, 2-75
reflection loss in, 2-51, 2-Sh, 2-59,
shielding
against, 2-164, 2-202
effectiveness, 2-51, 2-56
of screens in, 2-116
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Field
plane wave, 2-43
reflection loss in, 2-51, 2-55
shielding effectiveness in, 2-56
radiated
attenuation of, 2-39
reflection of, 2-39
Filter
srrangements, typical, 3-89
attenuation
figure of a, 3-9%
frequency curves, 3-89, 3-90
loss of, 3-93
Lendpass, 3-204, 3-232, 3-254
phase characteristic of, 3-lk
stripline, 3-102
band rejection stripline, 3-102
bonding requirements for, 3-123
bulkhead, 3-4, 3-115
installation of, 3-4, 3-5
capacitance to ground of a, 3-96
capscitor selection and installation, 3-123
case, typical method of mounting, 3-124
ceramic
application for microministurization, 3-340
ladder, characteristics of, 3-342
characteristics, 3-93
coaxial harmonic, in output of high-powsr
klystron amplifier, use of, 3-51
composite switching interference reduction,

3-195
considerations, 3-95
corrugsted waveguide in 8 megnetron, 3-52
devices, reactive mode, 3=l
dissipative, description of, 3-100
double-pi, for reducing switching inter-
ference, 3-196

duty cycle, 3-95
effectiveness, 3-118

poor rf ground bond on, 3-117
feedthrough bulkhead, mounting of, 3-123
territe, 3-11}

tubs, 3-100
grounding of, 3-116
harmonic, 3-5k
high-pass, 2-128, 3-89, 3-204, 3-247, 3-25k

stripline, 3-102
honeycomd, 3-208
impsdance to ground of, 3-116
impropsr Installation of, 3-118
insertion loss, 3-118

formula for, 3-94

of magnetic core meterials in o, 3-143
installation, 3-115, 3-118, 3-120
insulation resistance of, 3-97
L-C, 3-254
life, minimum, 3-95

Filter
lossless, deficiency of, 3-100
lossy
ferrite tube insertion loss, 3-100
transmission line, 3-99
L-section, 3-89
L-type, formula for insertion loss of, 3-89
microwave, coaxial and waveguide, 3-162
mode, in & waveguidz, 3-114
mounting, 3-118, 3-1193
multiple circuit vs single unit, 3-98
networks

for reducing switching interference, 3-194

general types of, 3-9i
reducing interference by packaging, 3-73
output for transmitter interference suppres-
sion, 3-297
piezoelectric, characteristics of, 3-342
pi-saction, 3-89
pi-type, formuia for insertion loss of, 3-93
power-line
attenuation vs frequency, 3-93, 3-9%
formula for attenuation of, 3-93
interference reduction of diode rectifier
circuits with, 375
proper installation of, 3-118, 3-122
ratings, 3-93
nameplate, 3-97
shielding effectiveness of, 3-115
single-circuit, 3-98, 3-99
stripline
charscteristic impedance of, 3-104
complex, 3-10k
low=-pass, 3-104, 3-10§
shorted shunt lines in, 3-102
spurious responses in, 3-106
transverse slots in, 3-102
T-ezction, 3-10h
suppression effectiveness of, 3-94
switching interference, in shialded en-
closures, 3-195
transformer section, magnetron modified
with, 3-54
T-section, 3-89
T-type, formula for insertion loss of, 3-93
waffle-iron, 3-108
weveguide, for magnetron, 3-53
weveguide, 3-106
corrugeted, 3-108
high-pass, 3-106
interference suppression by, 3-297
wide-band, refiective, 3-108
Filtering
integral, within the vacuum envelope of
microweve tubes, 3-52
interference-producina unit, 2-3
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Filtering of
leads entering thyratron shielded compart-
ment, 3-4
power supply, 3-153, 3-156
receiver, 3-203, 3-205
switching interference, 3-197
Fin, use of, for strip gaskets, 2-143
Finger
bonds, phosphor-bronze, 2-30
gasket metal, 2-146
Fingers, serrated contactec, conductive jasket,
2-150, z-152
Finish
vond-strap, 2-26
conductive, for corrosion protection, 2-84
Iridite No. 14, for interference suppres-
sion, 2-86
Fixed position joint, class 8, 2-149
Fixtures, slimline, fluorescent lighting,
interfercnce from, 2-159
Flange
choke, waveguide, modification cof, 2-216
joint
flat, 2-135
with groove gasket, 2-135
shielding characteristics of, 2-136
Flared split-steeve, 2-30
Flares, soiar, 1-2h4
Flat
compressible gasket, 2-133
ronducting gasket, 2-136
conductor flexible cable, 2-210
flangs type joint, 2-13§
with groove gasket, 2-135
gasket, insulating, 2-133
Flexible
bonding-strap, 2-31
cable
bonding of, 2-34
flat-conductor, 2-210
conduit, 2181
bonding of, 2-30
metal
bond-strep, 2-22
conduit shield, 2-38
Flicker effect
from oxide-coated cathodes, 3-17
in vacuum tubes, 3-9
Fiip-flop, miniaturized semiconductor, 3-336
Floating ground system, 2-6

Fluorescent
lamp
lighting fixtures, slimline, interf
from, 2-159
shielding of, 2-156
suppressor, 2-157
starter type, 2-158
starterless, 2-158
Flux

distribution in alternators and synct
ronous motors, 3-353
paths in magnetic shields, effect of
orientation on, 2-162
soldering, use of rosin as a, 2-85
FM transmitter, formula for absolute .
levels in sidebands of, 3-30€
Foil
aluminum or copper
as a ground plane, 3-209
electrostatic shielding by, 2-209
shield
Co-Netic, 2-171, 2-172
Netic, 2-171, 2-172
Formed magnetic shields, 2-161
Formula for
absolute power levels in sidebands ¢7
fm transmitter, 3-305
addition of shot and thermal noise, *
allowable magnetic field intensities,

amplitude modulation splatter, 3-281
aperture
attenuation, 2-93
reflection loss, 2-53
attenuation, 2-95
in a length of waveguide, 3-108
of a power-line filter, 3-93
per unit length of a waveguide, 2-17
Beasse! coefficient of the first kind,
capacitance for a given insertion los:
a given frequency, 3-138
characteristic
apurture impedance, 2-99
impedance of a rectangular waveguid
circular waveguide attenuator, 2-128
combination of interference signal anc
local oscillator harronics, 2-
correction factor for
sperture reflections, 2-9b
closely spaced shallow holes, 2-101
coupling between closely spaced shs’
holes, 2-95
number of ooenings per unit square,

5-18
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Formula for

correction factor for
penetration of conductor at low frequen=
cies, 2-94
reflection calculations, 2-96
coupling capacitance of Faraday shield, 3-149
current
in transmission line conductur, 2-82
upon switch opening, 3-177
definition of amplitude modulation splatt;r.
3-281
emitter noise source in a transistor, 3-60
equivalent noise
producing resistance of a space-charge-
limited triode amplifier, 3-13
resistance for a triode
amplifier, 3-13
mixer, 3-13%
frequency of spurious and harmonic
emissions from a transmitter, 3-299
grid noise voltage of a triode, 3-14
harmonic output of transmitter, 3-300
image interfersnce frequencies, 3-227
impedance of a wave compared to 8 wave-
length, 2-95
incident wave impedance of
high impedance electric fields, 2-4b
low impedance magnetic fields, 2-U6
inductance of a
straight plece of copper wire, 3-125
toroid, 3-1L§
input impedance of a waveguide, 2-100
insertion loss of
feed-through capacitor, 3-138
filter, 3-94
L-type filter, 3-89
low=pass filter, 3-89
pi=type filter, 3-93
T-type filter, 3-93
interference level of
clipped sawtooth pulse, 1-i§
common pulse shapes, 1-15, 118, 1-]9
cosine pulse, 1-15
cosine-squared pulse, |-1§
critically damped exponential pulse, 1-15
gaussian pulse, 1-15
rectanqular pulse, 1-9
trepezoidal pulse, 1-10
trisngular pulse, 1-15
Intermodulation products of s recelver, 3-218
intrinsic impedance of a metal shield, 2-99
lowest cutoff frequency of a
circular waveguide, 2-128
rectangular waveguide, 2-128
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Formula for

low-pass filter, 3-6
maximum output voltage of a switched circui-
2-207
mean-squared
noise current fluctuations in temperature
limi ted diodes, 3-9
thermal -noise current generated by triode
load resistor, 3-16
minimun noise figure in vacuum tubes, 3-19
noise -
figure of
transistor, 3-60
vacuum tubes, 3-18
term in the collector circuit of »
transistor, 3-61
optimum
source impesdance in vecuum tubes, 3-19
value of source generstor resistance v «
transistor, 3-63
output voltage of a switched circuit, 2-207
power level in harmonics of a TWT, 3-4é
ratic of
conductor width to skin depth between hol-
for perforated sheets, 2-94
intensity of reflected wave to transmitte?
wave, 2-101
shield surface impedance ocetwesen rectan-
gular holes to characteristic impedanc
of & rectangular waveguide, 2-99
receiver overload, 3-2u47
rectangular weveguide attenuator, 2-125
reflection
calculations, 2-95
loss of aluminum to a magnetic field, 2-5I
resonsnt frequency of a cepacitor, 3-128
rms
grid noise voltage of a triode, 3-16
output noise voltage of & triode, 3-16
value of an interfering signal in a
transistor, 3-68
severely clipped sinusoidal tone, 3-305
shislding effectiveness of, 2-43, 2-93
co~axial cable, 2-83
metal shield, 2-92
solid copper shield, 2-83
shot
effect In space-charge-limited diodes, 3-I(
noise in
space-charge=-1imi ted diodes with resis-
tive load, 3-1!
temperature-limi ted diodes, 3-9
spurious
external cross-modulation interference, 3-.




Formula for

spurious response
frequencies, 3-243
due to recelver mixing, 3-233

surface impedance between rectangular holes

in a shield, 2-99

thermal noise in

metallic resistor, 3~11

space-charge-limi ted diode with resistive

load, 3~11

total

energy coupled into 8 switched circuit,

noise voltage at triode output, 314
reflection loss for

electric flelds, 2-47

magnetic fields, 2-47

plane waves, 2-47
shielding effectiveness, 2-39

transmitter

coupling emission, 3-287
hermonic emission, 3-279

2-207

intermodulation product frequency, 3-284

spurious output, 3-309

INDEX

triode mean-squared plate fluctuation current

in negative-grid triodes, 3-10
variation of magnetization, 3-14§

voltage

across switch contacts with thermister

protection, 3-57
upon switch opening, 3-177

Fourier snalysis of a rectangular pulse, -9,

11}
!

Fractional=horsepowsr machines, interference

suppression of, 3-343, 3-357

Free space

impsdance of plane waves in, 2-45
permeability of, 2-kk
permittivity of, 245

velocity of light !'n, 2-4§

Frequencies

interference signal, 2-12
klystron, spurious, 3-3h4

Fraquency

atmospheric interference, |21

converter, spurious response of, 3-21k

ground potential, 2-15

multiplication in transmitter, 3-296

range of & bond, 2-29

spectrum of signsls generated by
klystron trensmitter system, 3-37
magnetron csclllat~r, 3-30

spread of a channel, 3-224

transistor noise figure, as a function of,

versus, 3-63

3-62
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Frequency
vs delay-per-unit length for a delay lir
TWT, 3-42, 3-43
Frictional static, 1-27
Fundamental emission frequency, transmitte
definition of, 3-278
Fuse holder openings, shielding of, 2-170

Galactic interference, 1-23
point sources of, 1-25
Galvanic
corrosion or bonds, 2-22, 2-26, 2-29
couple, corrosion of, 2-86
Galvanized steel screens, shielding effect
ness of, 2-107, 2-111
Gap, »ir, corons, 1-34
Ges
discharae lamps
shielding of, #-156
suppression of, 2-157
filled diode tubes, switching interferen
zontrol of, 3-189
tube interference, 3-158
Gaseous
rectifier interference, 1-31
regulator interfsrence, 1-33
Gasket
alr or dust seal, 2-146
opplication, 2-131, 2-133, 2-137
improper, 2-134
combination
afr=-tight ead interference-tight, 2-14
for alir pressure and rfi seal, 2-132
compressibility versus seslability, 2-14
con.ictive, 2-22, 2-136, 2-150
ABEL, 2-150, 2-15)
Armour Resezicii, 2-150 ff.
beryllium copper, 2-151
chassis bonding, 2-221
flat, 2-136
knitted wire mesh, 2-131 ff., 2-146 ff,
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Gasket
conductive
metal
finger, 2-146
over rubber, 2-152
metallic textile, 2-131
plastic, 2-146
pressurized, 2-145
raln-tight, 2-145
resilient metal, 2-136, 2-140
insertion loss, 2-14b
measurement of, 2-148
vs pressure for, 2-147
rf
for receiver housing, 3-206
mechanical suitability of, 2-154
rubber, 2-152
silicone, 2-151
screen impregnated with neoprene, 2-151
selection, 2-152
serrated contacted fingers, 2-152
shielding effectiveness of, 2-146
simulated joint, 2-142
soft metal, 2-151
soldered, 2-.4]
typical problam, 2-143
woven
mesh
aluminum, 2-151
metallic, 3-206
metal-neoprene, 2-146
flat compressible, 2-133
groove, 2-137
compressible, 2-133
flat-tlange type joint with, 2-13§
insulating, 2-133
insulating flat, 2-133
materials, 2-185, 2-156
mounting methods, 2-138
strin, 2-143
Gate clircuits, SCR, negative transients in,3-86
Gaussian pulse, formula for interference level
of, 1-15
Gear static, 1-29
Generation of
interference
brosdband, 1-5, 1-9
narrowband, 1-20
naturel, 1-hi
interfering signals, 2-1b
intermodulation products, 3-218
splatter in klystron tubes, 3-51
Generator, Interference suppression of,3-342 ff.,
3‘3“9 ff.
Geometric configuration of corons air gep,l-34
Geometry, air gap, ralationship to corona
voltage, 1-39

5-21

Glow discharge, switch gap, 3-159
Gold, useof, for bonds, 2-27, 2-28
Gradient, critical, of air gap, 1-34
Grease protection of bonds, 2-26, 2-29 ff.
Grid
noise voltage
formula for triode, 3~1h
rms, of a triode, formula for, 3-16
pulse modulation, magnetron, 3-31
Groove gasket
applications, 2-137
compressible, 2-133
flat-flange joint with, 2-135
insulating, 2-133
G~ound
bus, 2-6, 2-11
arrangement, single-point, 2-12
multiended, 2-16
series connections in a, 2-16
capacitance to, 2-209
circuitry in SCR operation, 3-82
circuits, multiple, for rf applic: tions, 2--18f
connection, 2-8, 2-10 ff.,
impedance of, 2-8
current, 2-13 ff,
jumper, 2-8, 2-27
loop, laters), 2-16
lug connection, 2-9
noise, equivalent circuit of, 2-18
path, 2-16
pin, 2-8
plane, 2-5 ff., 2-14, 2-15, 2-212
aluminum or copper foil as, 2-209
coupling, 2-188
for ground return lead, 2-78
plate, 2-11
point, 2-8, 2-11, 2-1§
potentia!, 2-11, 2-1§
isolation transformer for minimizing, 2-17
power, 2-15
reference point, 2-6
resistence, 2-6
return
common, 2=k
mutual impedance of o, 2-202
lead, use of ground plene for, 2-78
paths, 2-1h, 2-1§
common, Interference due to, 3-80
signel, 2-15
'tm’. 2'6
system, 2‘6. 2‘7
multipoint, 2-6, 2-12, 2-i3, 2-187
single-point, 2-6, 2-12 ff., 2-182, 2-212
for audio amplifiers, 2-188
wire, 2-9
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Grounding, 2-5, 2-6
cable, 2=12
shield, 2-186
clrcult, 2-14
connector, 2-188
for maximum interference reduction, 2-10
methods, 2-5, 2-10
of
electronic circuits, 2-5
flilters, 3-116
receiver shields, 3-209
shield housing, 3-211
printed-circult boards, 2-13
radials, 2-6
shield, multipoint, 2-13
Guard-shield, trensformer, use of, 3-150, 3-151
Guy-wires, interference suppression of, 3-301

' H

Halo for shield grounding, 2-185, 2-188, 2-193
2-196, 2-197
Harmonic
emission from trensmitters, 3-279
formula for, 3-279
frequency of, 3-299
suppression of, 3-298
filter
coaxial, In output of high-power klystron
smplifier, 3-51
transformer section for magnetron, 3-54
transmitter, 3-297
frequency generation in
klystron, 3-31
m. ,.“6
oscillations in magnetrons, 3-23, 3-54
ocutput of
klystron trensmitter, 3-36
trensmitter, formula for, 3-300
Harmonlics
in slternators and synchronous motors, 3-351
s TWT, formuls for power lewve! of, 3-ké
lavel of, for tenk clircults, 3-292
oscillator
decoupling of, 3-226
interference due to. 3-232
shislding of, 3-226
urintentional source of narrowbend inter-
ference generation, 1-20
Harnesses, shielded cebles in, 2-185
Heat
dissipation of shislds, 2-38
rise of inductence colls, 3-14l
treatment of magnetic shields, 2-16!}
Heliax coaxisl cable, 2-'77, 2-179
Heterodyne interference in receivers, 3-248

INDEX

High
frequency shielding effectiveness of screes
metarials, 2-98
lavel circuitry, location of, 2-222
pass filcer, 2-128, 3-8y, 2-204, 3-247, 3
stripline, 3-102
waveguide, 3- 106
Q tuned circuits, 3-224
vo'lrage
power supply fur thyratrons, interferenc.
from, 3-4
rf rectificis, shielding of, 3-15C
Hi-#u 80 shialds, 2~103
Hinges, bendira of, 2-31, 2-38, 2-37
Joles
leakage of electromagnetic energy throu- .
shallow, correction factor for closely sp -
‘-
Hoi low-pipe vaveguides, 3-107
Homodyne detector, interference in, 3-246
rioneycomb
and perforated metal, air impedance uv -
screens, attenuation vs freaquency, ” .
filters, 3-208
shields, 2-124
tube ducts s waveguides helow cutn”f, 2-
tyvs ventilgtion panele, 2-102,2-103,2-1iA
Hookup wire, snielded, a> @ lossy transmiss.
line, 2-192
Housings, shield:.ng of, 3-206, 3-255, 3-3' 3
Hum, nolse from, in a pentode, 3-17
Hypernick, sbsorption loss of, 2-48
Hypsrnom shields, 2-163

IF
amplifier, miniaturized, 3-337
decoupling, typical, 3-248
interferenze in o receiver, 3-228
module construction, miniaturized, 3-339
rejection,
Interference dus to poor, 3-2u8
shielding for, 3-2u8
response of
converter, 3-229
receiver, 3-202
signal, receiver, 3-227
suppress ion of
conduction in, 3-255
radlation from, 3-25§
strip module construction, minlaturized,3:
Image
interference frequencies, formula for, 3-.
rejection ratio of a receivar, 3-227
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Image
response
interference, 3-227
of receivers, 1-202
impedance
ac, of a bond, 2-19
cir, of
copper and nickel mesh, 2-102
perforated meta! and honeycomb, 2-102
apearture, characteristic, 2-93 ff.
bond strap, 2-21, 2-25
Yording, maximum allowable, 2-21
capacitor, 3-i28
characteristic
apectura, formula for, 2-99
cable, 2-176, 2-186
rectangular waveguide, ‘ormula ‘or, 2-95
stripline filter, 3-104
common, cabling elements, 2-212
detector, infinite, use of, 3-272
grourd connection, 2-8
input, of a weveguide, formula for, 2-100
inctrinsic, of matal shields, 2-41, 2-4k4,2-29
lrad, 2-203
low
ground connecticn, 2-8
magnetic field, 2-U46
matching networks, stripline, 3-106
measurements of bonds, 2-20
mutual
common ground return, 2-202
couplirg, 1-48, 2-202
net, of series resonant circuit, 3-123
of
incident wave, ratio of asperture charscter-
istic impedance to, 2-93
plane wave in free space, 2-U45
wave,compared to 8 ~avelangth, formule for,
2-95
optimum source, in vecuum tubes, 3-19
rf bond, 2-20, 2-21
source, 2-203
stabilizetion network, definition of, )-&4
to ground of a filter, 3-116
variation interference, 1-43
-vs.-fraquency of
bypass capacitor, 3-123
m. "‘02
delay line, 3-45
wave, 2-U6, 2-101
Impulse
interverence, 2-200
broadband, 1-6
noise, definition of, I-k
Incident
power at a shield, 2-39
wave impedance, 2-lb
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Incident
wave impedance of
high impedance electric flelds, formuls
for, 2-u46
low impedance magnetic fields, formuls
for, 2-4é
incremental permeability
as a function of magnetic field intensity, 4
3-147
variation of, with magnetization for
divferent materials, 3-145
indirect
bonding conductors, 2-37
bonds, 2-22, 2-29
individual ground paths, 2-16
Individually shielded cable, double conductor,

2-177
Inductance
bond, 2-20, 2-23%
coil
coupling within the inductive field of ,3~.4!
equivalent

circult of, 3-141, 3-143
distributed capacity of, 3-141, 3-143
field losses of, 3-14}
heat rise of, 3-14)
permeability of, 3-14I
Q of, 3-14
resistance ov, 3-14]
saturation of, 3-14i
lead
effect on caracitor values, 3-125
of a capacitor, 3-123
mutusl, 2-204
between
clrcuics, 2-203
conductors, 2-199
magnetic coupling through, 2-223
of
fnductors, 3-14i
straight ploce of copper wire, formula for,
3-125
toroid, for.ule for, 3-14§
various lengrhs of wire, 3-125
vs. length of straight round wires, 3-126
induction
fleld, at a shieid, l-h?.z-?s
motor, suppression of starting device of,3-357
Iinductive .
coupling, 1-49
between two wires, 2-199
fiold of coils, coupiing in, 3-14t
Inductors, 3-89
as switching interference suppressors, 3-163
for interference reducticn, use of, 3-140
inductance of, 3-1l1
minlature, 3-330
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infinite impedance detector, use of 3-272
inherent
interference, 1-4]
tube noise, 3-8
input
impedance of a waveguide, formula for, 2-100
transformer
chopper
Faraday box-shield for, 3-182
shielding techniques for, 3-i4é
low-level
raraday box-shield for, 3-152
shielding techniques for, 3-146
Insertion loss
at a ,iven frequency, formula for capaci-
tunce of, 3-138
capacitor
feed-tarough, 135 ff.
lead-type, 3-135
characteristics of lossy ferrite tube
filter, 3-101
considerations of desica plan for k- lio Set
AN/GRC- {( ), 1-58
definition of, I-4
effectiveress of a cepacitor, 3-128
filter, 3-93, 3-118
formuts for, 3-94
L-type, 3'89
low-pass, 3-89
pi-type, 3-93
T-type, 3-93
magnetic core materials in filters, 3-143
resilient metal gasket, 2-1k&
measurement of, 2-148
shielding materials, 2-43
tests of shields, 2-96
versus
frequency of lossy ferrite tube trens-
mission line filter, 3-100
pressure for resilient metal gasket, 2-147
Inspection=-band, Interference from, 3-350
Instability of trensistorized recelvers, 3-202
Insulating
gaskets, 2-133
shields for corona, 1-39
Insulation
leakage, interference from, 3-350
resistance of a fliter, 3-97
integral suppression, definition of, 1-b
Integrator-discriminator for interference
suppression, 3-265
integrity, shielding, 2-3
of
bonds, 2-37
connectors, 2-186

INDEX
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Intensity
at a shield, field, 2-39
electric fleld, 2-U45
magnetic field, 2-45
formula for, 2-82
incremental permeability as a functior

modul ated displays, video overload in,
reflected wave to transmitted wave, rat

Interaction between SCR systems, 3-84
Intercable ciosstalk, 2-176
Iaterchangeable joint, class €, 2-149
intercircuit coupling, 2-15
Interconnecting cabling interference, 2-:.
Interference, !-4, 1-42, 2-4
edjacent channel, 3-245
am detector, 3-245
ambient, definition of, 1-3
amplistat, 3-190
analysis
breadboard stage, 2-3
conducted, 1-55
radiated, 1-54
atmospheric, 1-6, 1-21
backward-wave tubes, 3-47
balanced linear discriminator, 3-246
broadband, 1-6
by solid-state power supplies, 3-20-
corona, 1-34
definition of, 1-3
commutator, -4
components, 2-4, 3-3
computer-circuit, permissible level of,
conducted, 1-46, 1-47, 2-213
from slimline fluorescent lighting fi»

in SCR's, 3-82
conduction, 1-46
transmitter, 3-288
control, 1-3, 2-3, 2-19, (see also inte:
ference reduction and interferes
suppression)
corona, 1-34
cosmic, 1-23
coupling, 2-4, 2-203
by conduction, 1-47, 1-48
mutual, of power supplies, 3-154
cross-modulation, in receiver, 3-293, 3-
crosstalk, 2-200
current regulator, 1-34
currents in shielded rf cable, 2-191
dc transformer, 3-69
desensitization, 3-2u46
diode, 3-69




Interference
discharge tybe, 1-30

emis

sion

effect of

re
ener

fi

re
engi
fiel
from

brush

current density, 3-343

pressure on, 3-343

resistivity on, 3-344
commutator current density on, 3-343
copper-oxide film on, 3-348

oxioce film on, 3-343

slip ring currert density on, 3-343
ceiver, 3-251 ff,

9y

elds, 2-38

ctification of, 2-198

neering, 1-3

d, shielding of, 2-77

INDEX

air gap and permeability inequalities,3~350
brushes of alternators and synchronous

motors, 3-351

combinations of armature segments per pole,

3-350

cormon ground return paths, 3-80

w

high-vecltage power supplv for thyratrons,

in

ro
sl

sp

carrier, 3-269

3-4
spection-band of eléctrical machines,
3-350
tor eccentricities, 3-350
ip-ring friction in sc motors, 2-213
ike on grid lead of thyratron, 3-§

spurious resonances, 3-231

st

ray electric fields, 3-350

thermostatically-controlled oscillator

transmitter angular modulation splatter,

tr

crystal oven , 3-259

3-2%
igger voltage lead to thyratrons, 3-6

vhf and uhf vecuum tubes, 3-8
galactic, 1-23

po

int sources of, 1-25

908' tub‘. ’. .53

geseous regulator, 1-33
geseous-type rectifler, 1-31
heterodyne, in receivers, 3-248
homodyne detector, 3-246

image- frequency in recelver, 3-228
image response, 3-227

impedance varlation, 1=k}
impulse-type, 2-200

inherent, 1-4}

insulation leakage, 3-350
interconnecting cabling, 2-176
intermodulation, 3-216, 3-219, 3-278
inverter, 3-69

klystron, 3-23, 3-31

5-25

Interference

leskage reduction, 2-133
leve! for

clipped sawtooth pulse, formuls for, 1-1§
common pulse shapes, formula for,1-15,1-18,

cosine pulse, formule for, 1-15

1-19

cosine-squared pulse, formulas for, 1-1§
critically damped exponential pulse, formuls

for, 1-15
gaussian pulse, formula for, 1-1§
rectangular pulse, |
sun, 1-24
trapezoidal pulse, 1-14 ff,
formula for, 1-10

trisngular pulse, formula for, 1-15

limiter, 3-272
local oscillator, 3-256
magnetic amplifier, 3-190

reguiator, [-33
magnetron, 3-23, 3-31
man-made, 1-26, 1-4}
mechanical motion, I-kk
mercury vapor rectifier, 1-31)
microwave tube, 3-23
minimum, seam design for, 2-90
modulation splatter

audio processing of, 3-304

limiting of, 3-304

non-linesr mixing, 3-243, 3-24k
nsrrowband, 1-6

conductive, 1-69

definition of, 1-4

radiated, 1-67

scurce of, 3-223

eslectrical machinery as, 1-26
natural, 1-21_. 1-4)

patterns, "running-rabbit!*, 3-260
perfect envelope detector, 3-245
power for various sources, 1-22
power SW'Y' 3-153, 3"58
prevention of, 2-19

problems in project “Lightening", 3-80

producing unit,

bonding of, 2-3

filtering of, 2-3

isolation of, 2-3

shielding of, 2-3
product detector, 3-24S
propagation, 2-38

from receivers, 3-249, 3-250
rader pulse, suppression of, 3-260
radiation, 1-46, 1-47, 2-213

cable, 2-176

local oscillator, 3-250

iy 1=13, 1-15

slimline fluorescent lighting fixtures,2-159

tronsmitter, 3-288
radio, extraterrestrial, 1-25
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INDEX

interference
random broadband, 1-6
recelver, 3-198 ff,
rectifier, 1-30, 3-69, 3-158
reduction (see also suppression) 2-3, 3-3
of
arc interference, }-55, 3-56
bridging interference, 3-160
diode rectifier circuits, 3-74, 3-7%
dynamotors, 3-360
klystrons, 3-37
power supplies, 3-257
receivers, 3-199, 3-203
relays, 3-257
rotating machinery, 3-361
sawteeth interference, 3-160
SCR circuitry, 3-82, 3-85
switch circuitry, 3-159, 3-17i
switching circuits
by use of
bias batteries, 3-179 ff,
capacitors, 3-16L
coupled coils, ;=176
with diode, 3-178
diodes and varistors,3-166,3-169,3-171
double-pl filters, 3-196
inductors, 3-163
load-shunt diodes, 3-162
resistors, 3-164
series capacitor and non-linear re-
sistance, 3-173
switch-shunt diodes, 3-168
transistorized control circuits, 3-191

3-192
two diodes, 3-168
thyretrons, 3-6
transmitters, 3-288
vacuum tubes, 3-19, 3-22
requlator, 1-13
responses of recelvers, spuricus, 3-225
rf conducted, In EMC test plen, 1-91
shields, metal-to-metsl contect techniques
of cover and case for, 2-153
side-band
distortion, 3-281
splatter, 3-278
signal
and local oscillator hermonics, formula
for combination of, 2-321
frequencies, 2-12
signals
due to common- impedance cabling cl.m;?ts.
2-212
in stranded bond straps, 2-24
silicon-controllad rectifier, 1-31, 3-8i
silicon diode, 3-63
simple discriminator, 3-246

5-26

Interference
slip ring, 1-U44
solar, 1-43
specificatior. requirements, 2-38
splatter, 3-280
spurious transmitter, 3-278
square law detector, 3-245
superheterodyne mixer, 3-215
suppression (see also reduction), 2-§
by use of
antenna
pattern design, 3-314
side-lobe reduction, 3-315
auxiliary~channel technique, 3-3I°
by-pass capacitor, 3-117, 3-3k8, :-
channel-width considerations, 3-29,
commutator plating, 3-345
compensating windings, 3-345
component salection, 3-294
delay linas, 2-265
diodes, 3-73
double-threshold method of detecti.
double-tuned tank circuit, 3-291
dual antenna systems, 3-31%
grounding, 2-10
harmonic-suppression filters, 3-29;
increased armature coils and commui.
bars, 3-345
inductors, 3-140
instantaneous automatic gain contro
integrator-discriminator, 3-265
interpoles, 3-345
interstage decoupling, 3-257
iridite No. 14 finisn, 2-86
laminated brushes, 3-345, 3-347
1° ~i1ters, 3-277
low-resistance brushes, 3-34b4
matched antennas, 3-316
mixers, 3-290
output filters, 3-297
over-all generator shielding, 3-349
pi-section tank circuits, 3-291
prf discriminator circuits, 3-262
puise delay method, 3-260
pulse-width discrimination, 3-265
* ndom prf emission, 3-264
signal integration, 3-309
slowed=-down video, 3-262
supersonic delay lines, 3-262
synchronous detectors, 3-245
system nodesin a computer, 3-319
video integration, 3-262
waveguide fiiters, 3-297
of
alternators, 3-343, 3-351
antenns system, 3-312, 3-314
bearings, 3-350
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INDEX

Interference
suppression
of
brushes, 3-343
computers, 3-317
dc motors and generators, 3-3Lk, 3-351
dynamotors, 3-358 ,
electrical machinery, 3-343
fractional-horsepowar machines, 3-343
generators for electric arc-welding
equipment, 3-358
guy-wires, 3-301
lsrge motors and generators, 3-343
motor generators, 3-358
portable fractional horsepower
machines, 3-357
power supplies, 3-155
rotary inverters, 3-358, 3-359
SCR's, 3-83
side or back-lobe emission, 3-315
special-purpose rotating mechines,
3-343,3-358
stariing device of single-phase induc-
tion motors, 3-357
tooth ripptes in alternators, 3-355
transmitters, 3-288
universal motors, 3-357
switching (see also switching interference)
1-29, 1-4b4, 3-161
test, -4
point, 3-212
radiated, of sn cnclosure, 2-92
tests
conducted, -4
definition of, -k
radiated, -k
of ENC test plan, |-92
susceptibility, 1-&
thermal agitation, 1-6
thyratron, 1-30, 3-3
tight and air-tight combination gukﬁ‘..
2-
TR-ATR tube, 3-47
transfer media, general, 1-46
trensferred into & cable from external
trensistor clircuit, 3-65
transmitter
coupling emission, 3-286
definition of, 3-278
intermodulation, 3-282
modulation sideband splatter, 3-293
nolse emission, definition of, 3-281
shock-excitation emission, 3-286
tunne! diode, 1-32
vacuum tube, 3-69
varactor, 1-33

5-27

Interference
voltage, 2-204
regulator, 1-34
varistion, 1-43
Zener diode, 1-31, 1-33
interfering
components, 2-4
signals, 2-1k, 2-203
interlacing
straps for cable shields, 2-193
technique, 2-198
Intermediate frequency radiation from receivers,
3-202
Intermittent contact in stranded bonds, 2-24
Intermodulation, 3-216
audio transmitter, 3-283 .
broadband, tests for EMC test plan, 1-96
cause of, 3}-221
characteristics, effect of operating blas
on, 3-219
emission, transmitter, definition of, 3-282
interference, 3-216, 3-219
transmitter, 3-278, 3-282, 3-283
narrowband, tests for EMC test plen, 1-96
product frequency, transmitter, formula for,
3-284
products
generatior of, 3-218
receiver, formuls for, 3-218
recelver, 3-23, 3-202
reduction of, 3-219, 3-308
rejection
for 6J4 triodes, 3-220
receiver, 3-219, 3-231
third-order, versus bias and gain, 3-219
Interpoles for interference suppression, 3-3uS
interstage
coupling, 2-15
decouwpling, interference suppression bdby,b3-257
intertie system, 2ero-impedence boay, 2-5
intrecoble crosstalk, 2-176
intrinsic impedence of metal shield, 2-4),2-bb
formula for, 2-99
inverters
interference in, 3-69
locetion of, 2-222
rotary, interference suppression of,3-358,

3-359
tonizetion
collision, in & pentode, noise from, 3~17
vacuum tube, 3-9
{onosphere, 1-21, 1-23
iridite, 2-86, 3-116, 3-208
tron
sbsorption loss of, 2-51, 2-58
penetration loss of, 2-75
reflaction loss of, 2-5I|
shielding effectiveness of, 2-58




isolation
elements, use of, 2-212
of
interference-producing unit, 2-3
internal wiring of receivers, 3-203
power supplies, 3-157
signal circuits and pulse leads, 2-215
suppression of spurious responses by,3-24$
transformer, 2-15
Faraday box-shieid for, 3-152
shielding techniques for, 3-148
technique for minimizing ground potential,
2-17

J

Joint, 2-149
bond
conductive epoxys for, 2-174
mating surfaces of, 2-36
metal-to-metal, 2-22
rotating, 2-30
fixed position, class B, 2-149
flange type, shielding characteristics of,
2-136
flat-flange type, 2-135
interchangeable, class €, 2-149
magnetic shield, 2-162
effect of orientation on flux paths in, 6
2-162
permanently closed, dass A, 2-149, 2-152
shield, 2-13)
simulated, gaskets in, 2-142

Jumper
bond, 2-19 ff., 2-26
aluminum, 2-28
copper, 2-28
ground, 2-8, 2-27

K

Kiystron, 3-31
emplifier
high-power, cosxia!, harmonic filter in
output of, 3-51
test of, 3-36
frequencies, spurious, 3-34, 3-51
harmonic generation in s, 3-31, 3-36
interference, 3-23, 3-31
reduction, 3-37
oscillator susceptibility to interference,
3-32
second harmonic
investigatio., 3-40
total peak power output, 3-39

INDEX

Klystron
spacing of harmonic bean bunches in, 3-32
splatter generation, 3~¢1
transmjtter output frequency spectrum, 3-:
velocity modulation in, 3-32
Knitted gasket
metal mesh, 2-102
wire
compressed, 2-150
conductive, 2-131, 2-151, 2-155

L

Ladder filters, ceramic, 3-342
Laminated
brushes
commutation of armature coil by, 3-346
for interference suppression, 3-345, 3-
shielding, effectiveness of, 2-164
Lamp
carbon arc
shielding of, 2-156
suppression of, 2-157
fluorescent
suppression of, 2-157
suppressor, 2-158
gas discharge
shielding of, 2-156
suppression of, 2-157
indicator, openings, shielding of, 2-1%C
neon, shielding of, 2-156
ultraviolet, shielding of, 2-156
Lateral ground loops, 2-16
L-C filters, 3-25h4
Lead
inductance,
capacitor, 3-123
effect on capacitor values, 3-125
length, resonent frequency as a function
disk ceramic capacitors, 3-133
mica capacitors, 3-132
peper tubulasr caepacitors, 3-131
standoff type ceramic cepacitors, 3-13i
type capacitors, 3-128
insertion loss of, 3-135
use of for bonds, 2-27, 2-28
Leads, entering thyratron shielded compart
filtering of, 3-L
Leskage
between primary and secondary in box-shi
trensformer, 3-150
capacitance of a Faraday shield, 3-149
insulation, interference from, 3-350
interference, reduction of, 2~133
of electromagnetic energy through holss,
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Length-to-width ratio of bond straps,2-24,2-37
Level, magnetic field, inside a shield, 2-82
Levels, permissible, of interference of re-
celvers, 3-203
Life, filter, minimum, 3-95
Light in free space, velocity of, 2-45
“Lightening', pr ject, interference problems
'n » 3‘80
Lighting fixtures, fluorescent, slimline,
intarference from, 2-159
Lights, fluorescent, shielding of, 2-156
Limicer
for pulse interference supprassion, 3-2,
3-273 f¢.
interference from, 3-272
Line filter, low-pass, power-frequency,
specification of, 3-96
Linear
discriminator, balanced, interference in,
3-2u46
mixing, definition of, 3-243
taper matching of strip lines, 3-107
Load
impedance, 2-203
shunt dlode, dc switching interference
reduction by, 3=162
Loading of striplines, 3-102
Local oscillator
emission from receiver, suppression of,
3-255, 3-25€
modulation index, 3=-34
radiation
antenna, 3-254
interference, 3-250
receiver, 3-202
shislding against, 2-42
signal, attenuation of, 3-25k4
Location for interference reduction, 2-22|
suxiliary power units, 2-222
bonding connections, 2-37
communications
recelvers, 2-222
trensmitters, 2-222
cynamotors, 2-222
eslectric motors, 2-222
external antennas, 2-222
high=level clrecuitry, 2-222
Inverters, 2-222
low=leve! circuitry, 2-222
motor-alternators, 2-222
power suppllies, 3-155
radar
modulators, 2-222
trensmitters, 2-222
thyratrons, 3-8
Lockwashers, tooth-type, for bonds, 2-22, 2-29
Loops, lateral ground, 2-16

5-29

Loss
absorption
calculations, 2-48
shield, 2-39, 2-4b4, 2-75, 2-78
copper and iron, 2-5!, 2-58, 2-73, 2-8)
stesl, 2-73
Hypernick, 2-48
metal, 2-48, 2-49
at 150 ke, 2-50
Mu-metal for low frequsency, 2-77
non-magnetic, 2-78
field, of inductance colls, 3-14}
insertion, 1-4 .
resilient metal gasket, 2-146 ff,
shield material, 2-43
penetration
tron, 2-75
magnetic field, 2-75
non-magnetic materials, 2-78
stee! and copper shields, 2-72
reflection, 2-7%
B-factor of, 2-Lb
calculations, 2-48
copper and iron, 2-51
elactric fleld, 2-48 ff., 2-59, 2-75, 2-78
good conductors, 2-77
Mgmtlc f'.'d. 2"‘8. 2-5‘0. 2'59. 2-75
aluminum, formula for, 2-51
mash shield, 2-103
plane wave fleld, 2-51, 2-55
radlatad power, 2-39
solid copper shield, 2-83
copper, 2-71
stes!, 2-70
wavegulide below cutoff, 2-4)
Lossless fliters, deficliency of, 3-100
Lossy
ferrite tube
filter insertion loss characteristics,3-i0!
tronsmission line filter, Insertion loss
vs. frequency curve, 3-100
transmission line
filter, 3-99
shielded hookup wire as, 2-192
Low
frequency
bonding effect!iveness, 2-19
corrections for screen-type shields, 2-98
strong flelds, multiple magnetic
shielding for, 2-77
impedance
bond connection, 2-37
grocund connection, 2-8
magnecic fleld, 2-46




Low
impedance
path, 2-19
level
clircultry, location of, 2-222
input transformer, Faraday box-shield for,
3-152
noise receivers, use of, 1-2§
pass
filter, 3-89.3-92.3-136.3-203.3-226.3-25§.
3-29
for suppression of spurious responses,
3-245
formule for, 3-6
insertion ioss of, 3-89
power-frequency specification of, 3-96
to eliminate wltage spikes on thyratron,

3-
stripline filter, 3-102, 3-104, 3-105
resistance brushes for interference suppress-
fon, 3-344
shielding effectiveness or screening
materials, 2-:24
temperature black jecket cuble, 2-178
L-section filter, 3-89
L-type filter, formula for Insertion Inss o;.
3-89
Lug, ground, connection, 2-9
Lumped-constent band-pass filter, phase
characteristic of, 3-Lb

M

Machinery, slectrical interference, 1-26
suppression of, 3-34)
Mechines
fractional-horsepower, interferencze suppress-
ion of, 3-34), 3-357
special-purpose, interference supprossl;n’;;.
Magnesium
for bonds, 2-27
wesher for bonds, 2-28

Magnetic
amplifier
control of switching interference, 3-189
interference, 3-190
regulator interference, 1-33
core materials in filters, insertion lo;s':;.
coupling, 2-204, 2-205
reduction, twisted pair, 2-205
through mutual inductance, 2-203
field, 2-47, 2-L8
sbsorption loss of shields in a, 2-78
8-factor for, 2-60
component, 2-hkS
copper brald shielding for, 2-205
coupling, 2-199
crosstalk induced by, 2-199

INDEX

Magnetic
field
intensity, 2-45
sllowsble, fcrmula for, 2-81, 2-82
at a shield, 2-39
incremental permesbility, function of
level inside a shield, 2-82
low impedance, 2-46
minimum shielding effectiveness of
copper and bronza screening, 2-121
steel screening, 2~-122
penatration loss for, 2-7§
reflection loss
in, 2-51, 2-54, 2-7%
to, 2-59, 2-78
shielding
against, 2-'64, 2-202
effectiveness, 2-51, 2-56, 2-57
of screens, 2-116
permeability, relative, 2-Lk
shield
construction of, 2-162
drawn, 2-161
economies, 2-163
fabrication of, 2-161
formed, 2-161
heat treatment of, 2-161
joint orientation effect on flux paths
2-14
joints in a, 2-162
material, 2-160
spot welding of, 2-16}
shielding, 2-160
direct-view strorage tubes, 2-165
multiple, for low-frequency strong fielc
2-7
Magnetization variation, formula for, 3-I14S
Magnetron
corrugated waveguide filter for, 3-52
eslectric field intensity variation, 3-24
electromagneticelly coupled cavities in,3-
evolution of equivalent circuit for, 3-26
extreneous modes of oscillation of, 1-20
harmonic
filter, summary of results on, 3-5h
oscillations in, 3-23
interference
from modulation of, 3-3|
in, 3-23
measurements of losded Q vs frequency, 3-¢
minimizing spurious frequency generstion i
3-5:
modified with harmonic fiiter transformer
section, 3-54
moding cscillations in, 3-25
modulation, grid-pulse, 3-31
oscillations
harmonic, 3-S5k
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Magnetron
oscillations
moding, 3-54
spurious frequency, 3-5L, 3-279
oscillator, frequency spectrum cf signals
generated by, 3-30
pulsing of, 3-27
spurious oscil'ations in, 3-25
strapping of, 3-25, 3-28
voltage vs current, 3-29
waffle-iron waveguide filter for, 3-63
Man-made
interference, 1-41
sources, 1-26, 1-27
Masking type of adjacent channel response,3-2L46
Mating surfaces of bond joints, 2-36
Mean-squared noise current fluctuations in
temperature-limited diodes, formula
for, 3-9
Nechanical
bonds, 2-26
Design
for Electronics Production, by John M.
Carrol, McGraw-Hill, 1956, 1-52
plan for Radio Set AN/GRC-( ), 1-52
motion interference, 1-ib
Mercury vapor rectifier interference, 1-3)
Mesh
copper
and nickel, alr impedence of, 2-102
screening, 2-124
shielding effectiveness of, 2-I08.22;:39.

galvanized steel screening, shielding
effectiveness of, 2-IN
gasket, 2-132, 2-146
seam treatment with, 2-132
woven metallic, for rf bonding of receiver
housing, 3-206
knitted matel, 2-102
wire, conductive gesket, 2-131, 2-15I|
materials as rf screening sgents, 2-116
screen
effective shielding of, 2-104
filter, 3-208
shield, 2-38
shield
attenuation of electromagnetic wave by,2-103
construction, 2-104
reflection loss of, 2-103
wire and aperture sizes for screening
~aterials, 2-112, 2-113

Mesh
woven
aluminum, conductive gaskets, 2-15]
metal, 2-102
Metal
armor cable, 2-180
attenuastion constant of, 2-45
bond straps, flexible, 2-22
conduit, use of, 2-214
connections for bonds, 2-28
finger gasket, 2-146
over rubber conductive gasket, 2-150, 2-7,
shield
intrinsi~ impedance of, 2-4L
perforated, shielding effectiveness of,:
solid, 2-38
shielding effectiveness, 2-40
-to-metal
bond joints, 2-22
contact,
bond, 2-36, 3-23
for interference shields, 2-153
Metallic
conduit, solid, cables routed through, 2-i:
gaskets, resilient, 2-'40
resistor, formula for thermal noise of, -
textile gasket, 2-131
woven, mesh gasket, 3-206
Metals
dissimiler, in bonds, 2-22
soft, gasket, characteristics. 2-150
Meter shielding und isolation, 2-166, 2-168
Mice ceapacitors, resonant frequency as o
function of lead length, 3-132
Microminltaturization, 3-327
ceramic-filter application for, 3-340
semiconductor resistors, 3-329
subassembly modules, shield planes for, 3-;
Micromodule system, 3-33)
Microphonics, noise from, in a pentode, 3-17
Microwave
end opticel properties of semitransparent
shielding materials, 2-167
fitters
ond matching networks, 3-102
weveguide, and cosxial, 3-102
trensmittence of semitransperent shislding
materials, 2-167
tubes
integral filtering within vacuum envalop:
of, 3-52
interference in, 3-23
Milky wav interference, 1-23
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Minlature Inductors, 3-330
Minlaturized

bulk-type resistor, 3-328

circuit formulation, 3-331

clircultry, 3-337

components, 3-327

diffused-layer silicon resistor, 3-328
d:scrotc-componont circults, 3-331

i
smplifier, 3-337
module constru:tion, 3-338, 3-339
modules, shield planes in, 3-340
muitilayer thin-film circuit, 3-331
p-n Junctlon cepacitor, 3-328
RC networ'’, 3-330
semiconductor solid-state
circuit, 3-331, 3-332
flip-flop, 3-336
NOR circuit, 3-332, 3-334
thin=-film
cepacitor, 3-328
deposited resistor, 3-328
Minimum
filter life, 3-95
interference, seam design for, 2-90
noise figure in vacuum tubes, 3-19, 3-20
number of twists/foot for wire routing and
distribution systems, 2-206
shielding effectiveness, 2-97
copper and bronze scresning in magnetic
fisld, 2-121
stesl screening in magnetic field, 2-122
Mixer
balenced, for suppression of spurious
responses, 3-245
for transmitter interference suppression,
3-290
spurious responses of receiver, 3-214
superhetarodyne, interference in, 3-215
Mixing
linesr, definition of, 3-24)
nonl inser
definition of, 3-2ub
interference dus to, 3-243
recelver
formula for spurious responses due to,3-233
spurious response dus to, 3-233 ff.
Mode filters In o wavegulde, 3-11k
Modem Unit MD=( ), rfi design plen for, 1-64
Modes, spurious, of propagatian in waveguides,
2-215
Moding oscililations In megnetron, 3-25, 3-5k
Moudulation
amplitude distortion after, source of
narrowband interference, 1-20
angular, splatter Interference from trans-
llltt.r.. 3'280

Modulation
cross (see cross modulation)
index, Bessez! function for, 3-35
interference, recelver, 3-294
limiting of modulstion splatter interferer
3-
magnetron, interference from, 3-31
nonl inear, source of narrowoand inteiiere
splatter
amplitude, 3-281
interference, 3-293
suppression of, 3-304
velocity, klystron, 3-32
Modulator, radar, location of, 2-222
Module
if, construction, miniaturized, 3-338,3-3"
miniaturized, shield planes in, 3-340
Molisture in bonds, 2-29
Molypermalloys, use of, 3-1u6
Monel, comparison of, with silver-plated vv-
and aluminum for knitted wire cor
ductive geskets, 2-155
Monkey chatter type of adjacent channel
response, 3-246
Motor
ac, interference due to slip-ring frictic:
in, 2-213
alternators, location of, 2-222
de,
capacitors for interference suppression
3-35:
interference suppression of, 3-3uk
electric, location of, 2-222
gensrator, interference suppression of ,3-
large, interference suppression of, 3-343
load, separation of, from signal load, 2-]
starting device, Interference suppression
3.
synchronous
distribution factor of, 3-355
external connections to, 3-355
flux distribution in, 3-353
harmonics in, 3-351
interference
from, 3-351
suppression of, 3-343, 3-351
symnetry in, 3-355
tooth ripples in, 3-355
universal, interference suppression of, 3-
Multiconductor
cable, crosstalk in a, 2-200
shielded cable, 2-177, 2-i84
twisted pair cable, 2-185
Multielement tubes, noise energy in, 3-17
Multiended ground buses, 2-16
Multilayer thin-fiim circuit, miniaturized,
3.
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Multiple
circuit filter, 3-98

ground circuits for rf applications, 2-188
magnetic shielding for low-frequency strong

fields, 2-77
reflections in shields, 2-78
shielding, 2-77 ff., 2-16k
shields, use of, 2-78, 2-1€4
tuned circuits, 3-232

Multipoint

grounding system, 2-6, 2-12, 2-13, 2-187

shieid grounas, 2-189

INDEX

Multishielded cables, common shield ground for,

2-193

Mu-metal
permeability of, 2-153
shield, 2-77, 2-7%, 2-160, 2-163
cans for transformer shielding, 3-148
tape, 2-:70
shielding, effectivenass of, 2-75
Mutusl
admittance coupling, 2-202
capacitance, 2-202, 2-20§
coupling of cables, 2-200
impedance coupling, 1-48, 2-202
in @ node, 3-320
of a ~ommon ground return, 2-20"
inductance, 2-204
between
cirzuits, 2-203
conductors, 2-199
magnetic coupling through, 2-203°

interference coupling of power supplies, 3-154

Namepliate filter rating, 3-97
Narrowbend interference, 1-6, 1-20
conductive, 1-69
definition of, 1-4
generstion sources, 1-20, 1 67, 3-223
electricel machinery, 1-26
inadequate bendwidth Iimitetion, 1-20
intentional nonlineerities, 1-20
internal frequencies, .-20
nonlinear modu'ation, 1-20
overmodulation, 1-20
unintentional harmonics, 1-20
Naturs! sources of interfersnce, 1-21, 1-4i
Negative-grid triodes, shot effect in, 3-10
Neon lamps, shielding of, 2-156
Neoprene
impregnated screen gasket, 2-150, 2-151
metal, woven, gasketing material, 2-146
Netic shield material, 2-78, 2-165, 2-166
Netic $3-6 foil shield, 2-171
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Netic-type foil shield, 2-172
Network

filter
for reducing switchirg interference, 3-194
general types of, 3-Sl
impedance
matching, stripline, 3-106
stabilization, definition cf, 1-4

Nickel

for bonds, 2-27, 2-28
mesh, air impedance of, 2-102
plating, electryless, for aluminum, 3-208

Nighttime atmospheric interference, 1-21
Node system, computer

amplifiers in, 3-325

cable considerations in, 3-323

components for, 3-325

construction, 3-320

interference suppression by use of, 3-319
mutual-impedance coupling in, 3-320
operational amplifier in, 3-321
potentionetric smplifier in, 3-323

Noise

calculations, triode, 3-15
conductance, equivalent, for vacuum tube;.|8
cosmic, 1-21]
current fluctuations, T =+ 3~ared, in tem-
perature-1imited diodes, formula
for, 3-9
dark, 3-22
el!mination of, 3-22
diode, space-charge-1imited, 3-14
emission Interference
definition of, 3-281
suppression of, 3-308
snergy, multielement tube, 3-17
figure
minimm, for several vacuum tubes, 3-20
trensistor, 3-65
formuls for, 3-60
function of
collector voltags, 3-65, 3-67
emitter current, 3-65, 3-66
frequency, 3-62, 3-63
source generator resistence, 3-63,3-64
vacuum tube, formula for, 3-18
-free coaxial cable, 2-177, 2-179
impulse, definition of, I-4
level, smbient, permissible, 2-14
parsmeters for varicus vacuum tubss ot
” me, 3.2'
pentode
collision lonization, 3-17
emission of positive lons, 3-17
flicker sffect from cxide-costed cotho?;s.
3-
hum, 3-17
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Noise

pentode
microphonics, 3-17
secondary emission, 3-17
resistance
equivalent
of a triode amplifier, 3-13
referred to grid, in vecuum tubes,3-18
for a triode mixer, formula for, 3-13
shot
and thermal, formula for addition of, 3-12
space-charge-1imited diode, formu'a for,
3-11
vacuum tube, 3-8, 3-9, 3-18
solar, 1-21
source, emitter, in a transistor, formula
for, 3-60
tarm, in transistor collector circuit,
formula for, 3-61
thermal
and shot, formula for addition of, 3-12
metallic resistor, formula for, 3-11
space-charge-)imited diode, formula for,
3-11
vhf and uhf vecuum tube, 3-8
transistor, 3-59
ffom drift and diffusion currents, 3-59
model, 3-60, 3-61
variation of, with circuit psrameters,3-62
transmitter, 3-278
triode, output voltage, rms, formuis for,3-16
tube, inherent, 3-8
voltage
rms, grid, of a triode, formule for,3-16
total, at triode output, formule for, 3-1k

Nomograph for distributed cepacitence of

single-layer colls, 3-1bh

Non-inductive capacitor construction, 3-128
Non| ineer

smplifier spurious responses of nal;.;;'
-2
impedance spurious responses of rocotv.r.“
3-21
mixing
definition of, 3-24bh
interference, 3-243
suppression of, 3-2u4k
modulation, source of narrowbend interfer-
ence, 1-20

Nonlinesrities, Intentionsl, source of

narrowband Interference, 1-20

NOR semiconductor solid-state circult, minle-

turized, 3-332, 3-334

0

Open-ended cable shield, shislding effective
ness of, 2-186
Operating
lines, TWT, 3-U42
voltage, TWT, 3-U45
Cptical
oroperties of semitransparent shielding
materials, 2-167
transmittance
of semitranspsrent shielding materials,
2-165, 2-167
ratio of electrical transmittance to, 2
Optimum source impedance, vacuum tubes,3-1¢
Oscitlation
h¢ monic, magnetron, 3-23, 3-54
moding, magnetron, 3-25, 3-5k
spurious, magnetron, 3-25, 3-54
Oscillator
coil shielding, 2-80, 3-254
harmonics
decoupling of, 3-226
interfarence, 3-232
shielding of, ?-226
klystron, susceptibility of, 3-32
local
modulation index of, 3-34
radiation
from
sntenns, 3-254
receiver, 2-42, 3-202
interference, 3-250
magnetron, frequency spectrum of signals
generated by, 3-30
multiplication, interference due to, 3-23:
shielding, 3-211, 3-232, 3-294
Outer finish metal for bonds, 2-28
Output
characteristics of TWY amplifier, 3-48
filters, transmitter, for interference
suppression, 3-297
harwonic, of klystron trensmitter, 3-36
maximum, of & switched circuit, formuia f¢
2-2(
trersmitter
spurfous, fornula for, 3-309
suppression of Interference from, 3-296
volteage of a switched circuit, formula for
2-2(
Overload
receiver, formule for, 3-225, 3-247
video, in intensity-modulated displays,3-.
Overmodulation, source of narrowbend interf:
ence, 1-20

- Oxlide film effect on

interference emission, 3-343
stranded bonds, 2-24
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Packaging of diodes and associated filter
networks for interference reduction,
-3
Panel, ventilation, honeycomb-type, 2-102,
2-103, 2-116
Paper tubular cepacitors, resonant freguency
as a function of lead length for,
3-131
Parasitic emission, transmitter
definition of, 3-280, 3-302
suppression of, 3-302
Parasitics in external circuitry of tunnel
diodes, 3-78
Partial shields, 2-78
Pass ivated stainless steel! fer bonds, 2-27
Path
artarial ground, 2-16
ground return, 2-1b4, 2-15
individual ground, 2-16
low- impedance, 2-19
Peak
clipping suppression of audio spectrum of
average male voice, 3-304
noise limiters for pulse interference sup-
pression, 3-273
Peaked wave, composition of, 1-9, 1-10
Penetration loss of
conductor at low frequencies, correction
factor for, 2-94
iron, 2-75
magnetic fields, 2-75
non-magnetic material, 2-78
steel and copper shields, 2-72
Pentode
nolse from, 3-17
collislon lonization in, 3=17
emission or positive lons In, 3=17
flicker effect from oxide-costed coth;d:;.
hum in, 3-17
microphonics in, 3-17
secondary emission in, 3-17
plate charscteristics of, 2-15
Parfect envelope detector, interference in,

3-248

Perforated mete!
and honeycomb, alr impedence of, 2-102
sheet, 2-102, 2-117 ff,
shield, 2-124
currents Induced on, 2-100
shielding effectiveness for, 2-92
Permanent
- type bonds, 2-36, 2-37
water tabls, 2-6
Parmenently closed joint, class A, 2-149

INOEX

Permeability
incremental, function of
magnetic fileld intensity, 3-147

magnetization fcr different materials,3- 145

inequalities, intsrference from, 3-350
of
copper, 2-99
free space, 2-Ll
inductance coiis, 3-141
Mu-metal, 2-163
relative magnetic, 2-Ui
Permissible ambient noise level, 2-14
Permittivity of free space, 2-45
Phase

characteristic of lumped constant band-pass

filter, 3-U4b4
constant, 2-96
shift vs. frequency for a TWT, 3-43
Phosphor bronze
bond-strap, 2-22
finger bonds, 2-30
Pi-section
filter, 3-89
effect of poor bonding on, 3-116
formula for insertion loss of, 3-93
tenk circult for transmitter interference
suppression, 3-291

Plezoslectric filter, characteristics of,3-342

Pigtail shield, 2-191
Pin, around, 2-8
Plen,
Enc
control (see EMC control plan)
test (see EMC test plan)
RFi design (see RFI design plen)
Plane
ground, 2-5 ff.
sluminum or copper foll as, 2-209
coupling, 2-188
ideal, 2-5
use of, for ground return lesd, 2-78
shisld (ses shi¢ld plane)
wave fleld, 2-43
g-factor in, 2-60
reflection loss In, 2-51, 2-55
shielding effectiveness tn, 2-56, 2-57
tota! reflection loss in, of steel and
copper shields, 2-69
waves

comparstive shielding effectiveness of,2-51

in fres space, impedence of, 2-45
total reflection loss, formule for, 2-47

Plestics, conductive, gasketing materials,2-146

Plate
charecteristics of a pentode, 2-15
circult of thyrstron, use of choks in,
for interference reduction, 3-6
current, thyratron, 3-3, 3-5
yround, 2-11
Plutes for boncds, bimetatlic, 2-26
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Plating
commutator, for Interference supprosslo;,}h
=345
nickel, electroless, for aluminum, 3-208
of bonds, 2-26
Platinum for bonds, 2-27
Plugs, electric, shielding of, 2-193
P-N junction capacitor, ministurlzed, 3-328
Point
common potentlial reference, 2-5
ground, 2-8, 2-11, 2-15
reference, 2-6
sources of interference, galactic, 1-25
Points, equipotential, 2-9
Polyethylene jacket cable, 2-178
Polyform process, shield construction by,2-163
Polysulphate protection of bonds, 2-26,2-29,
2'30: 2'36
Positive
ions, noise from emission of, in & pentode,
3-17
temperature-coefficient thermistors for arc
interference reduction, 3-55, 3-56
Potential
chassis, distribution of, 2-9
drop across a bond, 2-19
electromotive, between dissimilar metals,
elinination of, 2-84
ground, 2-1§
graph of, 2-11
isolation transformer technique for mini-
mizing, 2~17
reference point, common, 2-5
Potentiometric amplifier, in computer node
construction, 3-323
Power
cabling, 2-21)
emitted at a shield, 2-39
frequencies coupled Into low-level circuit
using multipoint shleld grounds,2-189
ground, 2-1§
incident, at & shisld, 2-39
levals, absolute, of sidebands of an fm
transmitter, formule for, 3-305
line fllter
sttenvetion vs. frequency, 3-93
Instellation of, 3-118, 3-122
loss
sbsorption, shield, 2-39, 259
reflection, radiated, 2-39
supplies, 2-1§5
clrcuit plenning of, 3-153
common
cumpatablility of, 3-153
interference suppression of, 3-155
computer, suppression of, 3-325
filtering of, 3-153

Power
supplies
interference
control of, 3-153, 3-257
from, 3-153, 3-158
location, for interference reduction,’
mutua! interference coupling of, 3-15!
shielding of, 3-153
solid-state, broadband interference b
supply
connections for computer amplifiars, .
flltering, 3-156
isolation, 3-157
thyratron, high-vo'tage, interference

transformer, shielding of, 3-148
transformer
double Faraday box-shield, 3-151
guard shield on, 3-151
Precipitation static, 1-Ul
Pressure and interference-tight seal, 2-14&
Pressurized conductive gasket applicat.c-
PRF discrimirator circuit for interferen.-
suppression, 3-260 ff.
Printed circuit board, 2-13
grounding, 2-13
shielding, 2-13
Product detector, interference in, 3-245
Propagation
constant, 2-96
interference, 2-38
spurlous modes of, in waveguides, 2-215
Proportional type heaters, use of, 3-259
Protective coating for bonds, 2-26, 7-36
Pulse,
clipped sawtooth, formula for interferen
level of, I-15
cosine, formula for interference level o
cosine-squared, formula for interference
level of, 1-15
critically damped exponential, formula f:
interference level of, 1-15
delay method of interference suppression
gaussien, formula for interference level
1-
interference suppression, 3-260
series limiter for, 3-274 ff.
rectanguler
formula for interference level of,
Fourier analysis of, 1-9, I-11
interference level for, 1-13, 1-15
spectral content of, 1-9
shepe, transisnt, anslysis of, 1-20
trepezolidal
formula for interference level of,
interference level for, 1~k ff,
triangular, formule for interference
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Pulse Radiation
width interference, 1-46
discrimination for interference suppression, if
3-265 from receiver, 3-202
discriminator suppression of, 3-26§
delay line, 3-2€7 local oscillator, 3-202, 3-250
integrator type, 3-266, 3-268 from antenna, 3-254
Pulsing of a magnetron for interference sup- shielding
pression, 3-27 against, 2 42
of, 3-211
transmitter, 3-288
(l solar, 1-23

through glass envelope of thyratron,
shielding aginst, 3-8

loaded, as a function of magnetron fre- transmitter, spurious, shielding sgainst ~ -
quency, 3-52 video signal, of, 3-202
of inductance coils, 3-141 Radiator of rf energy, bond strap as, 2-21
Quiet sun, Interference levels for a, 1-24 Radio
astronomy, 1-25
R frequency

effectiveness of bond at, 2-19
interference, extraterrestrial, 1-25

Rack bonding, 2-218 transmi tter intermodulation, 3-283
Radar Radio Set AN/GRC-{ )
modulators, location of, 2-222 EMC considerations for, 1-50
PRF discrimination in, 3-260 insertion loss design plan for, 1-58
pulse interference, suppression of, 3-260 rfi design plan for, 1-52
signal-to-noise ratio in, 3-32 susceptibllity design plen for, 1-58
transmitters, locatlon of, 2-222 Rain-tight conductive gasket seal, 2-145
Radials, grounding, 2-6 Random
Radiated interf nce, brosdband, I-6
field prf emi lon for interference suppression,
attenuation of, 2-39 3-264
reflection of, 2-39 Rating
interference, 1-46, 1-47, 2-713 filter, 3-93
snalysis, 1-54 nameplate, 3-97
broadband, 1-68 of current-carrying capacity of feed-
cable, 2-176 through cepecitors, 3-140
narrowband, 1-67 Ratio of
SCR, reductlion of, 3~85 sperture cheracteristic impedance to
slimline fluorescent lighting fixture,2-159 impedance of Iincident wave, 2-93
tests, -4 conductor width to skin depth between
of holes for perforated sheets, formu-
an enclosure, 2-92 le for, 2-94
EMC test plen, 1-92 elactrical transmittence to opticel trans-
- mittence, 2-165
exiting,of a shleld, 2-39 Intensity of reflected wave to transmitted
Incident, at a shield, 2-39 wave, formula for, 2-101
loss, reflection, 2-39 noise energy of a triode to noise energy
susceptibility of dynemic tube resistance, 3-13
of recelivers, 3-202 radiator wave impedence to intrinsic
tests of EMC test plen, 1-93 impedence of & shield, 2-4i
Radistion signal-to-noise, In radar units, 3-32
conductor, 2-4 transconduyctence of triode to conductence
coupling, 2-202 of equivalent diode, 3-13
field, 1-47 wire diameter to skin depth for screening,
from the sarth, 1-26 formula for, 2-94
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RC network, ministurized, 3-330
Reactence vs. frequency of lossless L and €
elements, 3-125, 3-126
Reactive mode filter devices, 3-111
Receiver
antenna shiald, 2-38
as an Interference source, 3-249
audio susceptibility of, 3-202
handpass curves, typical, 3-225
broadband interference in, 3-222
channe! width, 3-224
co-channel interference in, 3-226
cross-modulation, 3-202, 3-222
interference in, 3-225, 3-293, 3-294
decoupling of, 3-205, 3-212
desensitization, 3-203, 3-246
design to minimize lo interference and
spurious responses, 3-256
double conversion in, 2-230
filtering of, 3-203, 3-205

first detector, spurious responses of, 3-214
fixed-tuned, atteniation of local oscillator

signal in, 3-25%
frequancy converter, spurious responses of,

3-214
front end, uhf, protective circuits for,
3-49, 3-50
heterodyne

action due to spurious responses, 3-214
.Interference in, 3-248
high Q tuned circults to minimize spurious
responses in, 3-224
housing, shielding of, 3-206
image
frequency
interference, 3-202, 3-228
signal in, 3-227
rejection ratio of, 3-227
interference, 3-198, 3-199, 3-216
emission, 3-202, 3-249 f€.
reduction, 3-199, 3-202
intermodulation, 3-23, 3-202
products, formula for, 3-218
rejection In, 3-219, 3-23)
internal
decoupling end filtering of, 3-203
shielding, 3-209
isoletion of internal wiring and circuit
components, 3-203
local oscilletor radistion, 3-202, 3-25§
shielding egainst, 2-42
location of, fur Interference suppression,
2-222
low noise, use of, 1-25
mixer, spurious responses of, 3-214
mixing
spurious responses due to, s-233 ff.

INDEX

Receiver

nonl inear
amplifier, spurious response of, 3-21&4
impedance, spurious response of, 3-21h
overload, formula for, .-247
overloading of, 3-225
paths for undesired signals, 3-198
permissible levels of interference of, 3-
radiated susceptibility of, 3-202
response
large-signal, 3-224
small-signal, 3-224
to broadband interference, 1-222
rf
input, suppression of, 3-204
stages of, 3-51
rfi suppression of, 3-201, 3-207
self-interference in, 3-226
self-spurious responses of, 3-225
shielding, 3-203, 3-205
between stages, 3-211
deiiciencies of, 3-202
integrity of, 3-212
shields, grounding and bonding of, 3-20¢
s i de-band
clipping in, 3-230
selectivity of, 3-225
single-sideband, 3-224
spurious responses in, 3-199, 3-202, 3--
3-222, 3-224, 3-226, 3-230, 3-.3
stray coupling reduction in, 3-205
sun or di!fference frequencies in, 3-219
suppression
due to rf selectivity, 3-216
of
conduction of if signals from, 3-255
radiation of If signals trom, 3-255
spurious responses from, 3-255
susceptibility, 3-198, 3-199, 3-202
trensistorized, instability of, 3-202
undes ired
erission in, 3-198
responses in, 3-198
variable-tuned, attenuation of local osc
lator signal in, 3-254
Receptacle, electric, shielding of, 2-193
Reception of atmospheric interference, 1-2
Recombination fluctuations in a transistor
Rectangular
pulse
formula for interference level of, 1-9
Fourier snalysis of, 1-9, I-1}
interference level for, 1-13, 1-15
spectral content of, 1-9
wavegulde
attenuation of, 2-126
TElo mode, 3-110
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Rectenguler
waveguide
attenuator, formula for, 2-125
characteristic impedance, formuls for, 2-95
lowest cutoff fraquency of, formulas for.8
2-12
operating below cutoff, 2-125
Rectification of interference energy, 2-198
Rectifier
circult, diode, interference reduction of,
3-74, 3-75
interference, 1-30, 3-69, 3-158
gasaous-type, 1-31
mercury vapor, =31
selenium, 3-69
silicon-controlled, 1-31, 3-8I
rf high-voltage, shielding of, 3-158
Reed-type regulator interference, 1-33
Reference
node
operational amplifier, 3-321
potentiometric amplifier, 3-323
structure in a computer, 3-319
point
common potential, 2-5
ground, 2-6
Reflection
calculations
correction factor for, 2-96
formula for, 2-95
loss, 2-75
aluminum, to a magnetir field, formula for,
2-51
aperture, formula for, 2-93
B-factor of, 2-bh
calculations, 2-48
copper and Iron, 2-5)
electric field, 2-51,2-52, 2-59,2-67,2-75
megnetic fleld, 2-&8.7-55.2-59.2-60.:-;3.

mesh shleld, 2-103
plane wave fleld, 2-5!, 2-55
total, formule for, 2-69, 2-47
shield, 2-39 ff., 2-78
solid
copper, 2-71, 2-83
stee), 2-20
to on electric fleld source, 2-48
tote!, 2-ki
for electric fleld, formula for, 2-47
radieted
fleld, 2-39
power loss, 2-39
Reflective wideband waveguide filter, 3-108
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Regulater
interfarence, 1-33
current type, 1-3k
gaseous type, 1-33
magnetic-amplifier, 1-33
reed- typs, 1-33
voltage-type, 1-34
lener diode, current and voltage character~
istics, 3-77
Rejection
band, stripline filters, 3-102
if

interference due to poor, 3-248
shi¢lding for, 3-248
internodulation, 3-219, 3-231
for 6J4 triodes, 3-220
ratio, image, of receiver, 3-227
Relative
conductivity, 2-4§
magnetic permeability, 2-4k
motion of a bond, 2-29
Relay
interference reduction, 3-257
switching circuits, 2-207
Remedial interference control, 2-3
Rep'aceable bonds, 2-26, 2-27
Reradiastion, atmospheric,mechanism of, 1-25
Resiliency
bond, 2-29
strep, 2-22
Resilient
conductive electronic westherstrips, 2-136
metal gasket, Iinsertion loss of, 2-14é ff.
metel!lic gesket, 2-136, 2-140
Resistence
alr (see impedance, air)
corrosion, of bond, 2-21
dc contact, of aluminum, 2-88
film as mode filter In a waveguide, 3-114
ground, 2-6
inductance coll, 3«1kl
insulation, filter, 3-97
of & bond
*. 2'20
electricel, 2-19, 2-2!
fatigue, 2-21
rf, aluminum, before and after salt spray,
Resistivity, brush, effect on interference
emission, 3-3hk
Resistor,
metallic, therma! noise of, formula for, 3-1!
miniaturized
bulk type, 3-328
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Resistor
miniaturized
deposited thin-film, 3-328
diffused-layer silicon, 3-328
semiconductor, 3-329
stick, 3-254
switching Interference suppression by, 3-164
Resonances, spurious
high Q tuned circuits to minimize, 3-224
interference due to, 3-230, 3-231
Resonant
ferrite materials in waveguides, 3-111
frequency
bond-strap, 2-29
function of lead length for
disc ceramic capacitors, 3-133
mica capecitors, 3-132
paper tubular capacitors, 3-131
standoff type ceramic capacitors, 3-134
chifting by varying capacitor lead length,
3-130
stud-type capacitor, 3-136
series
circuit, nat impedance of, 3-123
frequency, capacitor, measurement of,3-127
Response
adjacent channel
carrier beat type, 3-246
monkey chatter type, 3-246
signal masking type, 3-246
broadbend interference, 3-222
curves, spurious, receiver mixing, 3-233 ff.
frequency, spurious, formula for, 3-243
if

converter, 3-229
receiver, 3-202
imege, receiver, 3-202
Interferencs, Image, 3-227
large signal, 3-224
self-spurious, 3-22§
smal l-signal, 3-224
spurious
definition of, 1-5, 3-18
recelver, 3198 £f.,3-211,3-21k,3-222 ff,
X232
frequency converter, 3-21h4
heterodyne action due to, 3-214
high Q tuned circults to minimize, 3-224
interference due to, 3-214 .
improper
adjustment of gain, 3-214
b'... 3-2'“
mixing, 3-233
nonlinear Impedance, 3-214
suppression of, 3-245, 3-255, 3-256
stripline filter, 3-106
transient, 2-207
Return
currents, 2«15
path, ground, 2-1k4, 2-1§

RF
attenustion, aluminum chassis, 1-53, 1-74
bond impedence, 2-20
bonding of rece ver housing, woven metalllc
mesh gasiket for, 3-206
conducted
interference in EMC test plan, 1-91
susceptibility tests for EMC test plan,l-9%
gasket, mechanical suitability of, 2-15k
gasketing of receiver housing, 3-206
ground bond, filter effectiveness of, 3-117
high-voltage rectifiers, shielding of, 3-158
impedance of bonds, 2-21
input, suppression of receiver, 3-20k4
radiated susceptibility tests, EMC test plar
1-a2
reduction of shielded cable, 1-73
resistance of aluminum before and after
salt spray, 2-89
screening agents, mesh materials as, 2-116
selectivity
measurement, 3-230
receiver, suppression due to, 3-216
shielded czble, interference currents in,
2-191
stages of receiver, 3-51]
transformer, electrostatic shields for,
3-212,3-23:
RFI
design plan for
AN/GRC- ( ) ancillary equipment, 1-72
government furnished and contractor pur-
chased items, 1-86
Modem Unit mp~ ( ), 1-64
Radio Set AN/GRC- ( ), 1-52
shelter blower-power supply, 1-70
paths into receiver, 3-200
reduction, 1-52
antenna coupler, for Radio Sat AN/GRC- ( 8).
1-5
design techniques for Radio Set ANIGIC-(8 )
1-5
suppression of receiver, 3-201,3-207
Rigid condult, bonding of, 2-30, 2-34
Ripples, tooth, in alternators and synchronous
motors, interference suppression of
3-355
RMS

grid noise voltege, triode, formula for, 3-1¢
output noise voltage, triode, formuls for,
3-16
Rod and bullet septs in a waveguide,3-111,3-113
Rosin, use of, as & soldering flux, 2-85
Rotary inverter, interference suppressicn of,
3-358, 3-359
Rotating

bond joint, -30
machinery, interference-reduction for, 3-361
machines, interference suppression of,3-34}
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Rotor eccentricities, interference from, 3-350
Routing, cable, 2-199

Rubber, conductive, gasket, 2-150 ff.
Running-rabbit interference patterns, 3-260

S

Saturation of inductance coil, 3-141
Sawteeth type switch-generated interference,
3-159, 3-160
Sawtooth, clipped, pulse, formula for inter-
ference level of, 1-15
SCR
circuitry, interference reduction for, 3-82
circuits, parallel, operation of, 3-87
conducted interference, 3-82
suppression of, 3-83
decoupling UJT firing circuits from supply
transients, 3-86
gate
circuits, negative transients in, 3-86
transients, decoupling UJT circuits
ageiast, 3-86
interference
on trigger circuits of, 3-85
reduction design for, 3-82
operation, ground circuitry in, 3-82
radiated interference reduction design,
3-85
systems
elimination of interaction phenomena in,
interaction betwsen, 3-84, 3-87
trigger circuits, 3-85
uni junction transistor for firing circuits
°fi 3'85
Screen
alr resistance of, 2-116
and honeycomb, attenustion vs. frequency,
2-11k, 2-115
filter, mesh, 3-208
gasket,aluminum, impregnated with neoprens,
2-151, 2-150
installation over ventilation eperture,2-10%
shield
low frequency corrections for, 2-98
mesh, 2-38
Screening materials, mesh,2-112,2-116,2-124
shielding effectiveness,2-98,2- 10k ff.,
2-116, 2-122
comparison of single and double
copper
18 mesh, 2-108
L0 mesh, 2-109
60 mesh, 2-110
galvanized steei, 8 mesh, 2-111
copper and bronze, 2-104, 2-121, 2-123

Screw

spacing, shielding effectiveness vs.,1-57,1-76

types for bonds, 2-28
Seal
bond, 2-29
pressure and interference tight, 2-1Lk
rain-tight conductive gasket, 2-145
universal waveguide, design of, 2-216
Sealing of AN-type connectors, 2-143
Seam
complex, 2-9]
design, 2-87
for minimum interference, 2-90
with mesh gaskets, 2-132
shielding efficiency of a, 2-87
Secondary emission
in vacuum tutes, 3-9
noise, pentode, 3-17
Second-order intermodulation products, 3-218
Selectivity
inadequa.e receiver, front-end, 3-203
sideband, 5-225
Selenium rectifier, interference in, 3-69
Self-inductance, bond strap, 2-21
Self-interference, receiver, 3-226
Self-resonance, bond strap, 2-2!
Self-spurious
emission, transmitter, 3-278
response, receiver, 3-225
Semiconductor
devices, 3-55
resistor, microminiaturized, 3-329
solid-state
circuit, miniaturized, 3-331, 3-332
flip-flop, 3-336
NOR circuit, 3-332, 3-334
Semipermanent bonds, 2-36
Semitrensparent shielding materials
electrical trensmittence of, 2-165
microwave transmittance of, 2-167
optical trensmittance of, 2-165, 2-i67
Septe, in & waveguide, 3-111 ff.
Series
connections in a ground bus, 2-16
resonant clrcult, net impedence of, 3-123
Serrated
contacted finger conductive gasket, 2-152
ridge weveguidas, 3-108
Shaft
bond, 2-30
feedthrough techniques, 2-130
Sheet .tock, perforated, 2-i17 ff.
Shield, 1-5, 2~11
absorption loss, 2-39 ff., 2-49, 2-73, 2-38,
2-83

aluminum, 2-84
antenna wire, 2-38

5-bi
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Shield
antielectric field, 2-78
antimagnetic field, 2-78
apertures, 2-98
as stacked waveguides beyond cutoff, 2-92
attenuation of, 2-39, 2-40
auxiliary, use of, 2-80
B-factor of, 2-39, 2-41, 2-74, 2-83
bonding, 2-186, 2-192
box, Faraday (see Faraday box shield)
cable
bonding, 2-194, 2-195
halos for, 2-193
interlacing straps for, 2-193
grounding, 2-186
open-ended, 2-186
can:, Mu-metal, for transformer shielc:llng‘,.8
3-1
coating, Eccoshield type ES, 2-172
coaxial cable, 2-38
component, 2-78
comp .ite, 2-78
conductive surface coating as, 2-172
Co-netic-type, 2-163, z-lzs
construction by polyform process, 2-163
continuity through a connector, 2-19}
continuous equipment enclosure, 2-19)
copper braid, 2-205
corona, 1-39
corrections for closcly spaced shallow
openings in, 2-98
corrosion
prevention, 2-38
protection, conductive finishes for, 2-0h
currents Induced on perforated metal, 2-100
10g-house, 3-210
drawn magnetic, 2-161
electric fleld
absorption loss in, 278
intensities at, 2-39
reflection loss in, 2-0
electrostatic, rf trensformer, 3-212, 3-231
emitted power ot, 2-39
exiting radiated power of, 2-39
Faradey
formula for coupling cepecitance of, 3-149
leakage capacitencs of, 3-149
measurement of coupling cepaclitence of,

3-149

transformer, J-146, 3-148, 3-151
festenars, 2-129
flexible metel conduit, 2-38
foil

cable, zipper tubing for, 2-171

Co-Netic type, 2-171, 2-172

Netic-type, 2-171

Shield
formed magnetic, 2-161
ground
common, for multishielded cables, 2-:
for electric plugs and receptacles, 2
grounding
halo for, 2-185
multipoint, 2-13
single-point, 2-12
guard, on power transformer, 3-150, 3-!
heat dissipation of, 2-38
Hi-Mu 80, 2-163
honeycomb, z-124
housing, grounding of, 3-2!1
incident radiated power at, 2-39
insertion loss tests of, 2-96
intrinsic impedance of, 2-41, 2-U4b4, 2-.
joints, 2-131
magnetic,
construction of, 2-161, 2-162
ecoriomies in construction of, 2-162
field intensities at, 2-39
heat treatment of, 2-161
joints in, 2-162
spot welding of, 2-161
material
Co-Netic type, 2-78, 2-165
Hypernom, 2-163
insertion loss determination of, 2-&.
magnetic, 2-160
Mu-metal, 2-l60662ol63
Netic , 2=1
Unlmtg: 2-163
mash
construction of, 2-104
reflection loss of, 2-103
scresn, 2-38
Me-metal, 2-77
multiple
reflections in, 2-78
use of, 2-78, 2-164
oponings, corrections for number of, 2-
partial, 2-78
penetration loss, 2-72
perforated metal, 2-124
pigtail, 2-191
plenes in minlaturized modules, 3-340,3
printed-circuit board, 2-13
recelving entenne, 2-38
reflection, 2-40
st each surfece of, 2-39
loss, 2-4)
solid
copper
reflection loss of, 2-83
shielding effectiveness of, 2-83
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Shield

solid

metal, 2-38

shislding effectiveness of, 2-76
stripping for grounding pigtai!, 2-191
surface impedance betwsen rectangular holes
in, formula for, 2-99

tape, Mu-metal, 2-170
total reflection loss, solid, 2-L4

copper, 2-7%

stes!, 2-70
wavegulide, 2-38

below cutoff, 2-129

Shielded

cable, 2-30
double, coaxial, 2-177
harnesses, 2-18§
method of introducing, 2-190
multiconductor, 2-177, 2-184
rfi reduction of, 1-73
single, coaxial, 2-177
spiral-wound, 2-171
conduit, 2-18|
enclosure, design of, 2-4&, 3-195
hookup wire as a lossy transmission line,2-192
rf cable, interference currents in, 2-19)
twisted pajr
cable, 2-188, 2-189, 2-205
wire, use of, 2-182
Shielding, 2-38, 2-202
against
elactric (nigh-impedence) flelds at low
frequencies, 2-104
magnetic flelds, 2-78, 2-16h, 2-202
transmitter spurious radletion, 2-42
alternator, 3-356
appliceations, multiple, 2-78, 2-79
attenustion of conductive geskets, 2-146
backward-wave tutes, 3-h7
between receliver stages, 3-211
C.b'ﬂ.t. 2'”'
cable, 2-176
carbon arc lamps, 2-156
cethode-ray tube openings, 2-168, 2-169
control pane! penetretions, 3-207
deficlencies of recelvers, 3-202
design fundementals, 2-bk
Eccoshield VX caulking compound for, 2-173
effectiveness, 2-38 ff., 2-59, 2-75, 2-97 ff,
co-axial cable, formule for, 2-83
conductive geskets, 2-1ké
copper
and 'm. 2-5'
screens, 2-106
electric fleld, 2-53, 2-77
comparison of metals In, 2-51

Shielding

S=h3

effectiveness

I ri ) f
elect ci_mfgg.oggss ane vave fields,
copper shield, 2-61, 2-64
stee! shield, 2-62 ff.
filters, 3-115
formula for, 2-43, 2-92, 2-93, 2-95
galvanized steel screens, 2-107
joints, 2-162
measurements, 2- 10k
copper, bronze and steel screening, 2-123
metal, 2-40, 2-43
minimum, 2-97
Mu-metal, 2-75
non-magnetic materials, 2-78
open-ended cable shield, 2-186
perforated metal shields, 2-92
screening
magnetic field, 2-116
copper and bronze, 2-121
stesl, 2-122, 2-205
materials, high-frequency, 2-98
mesh, 2-104
s:ngle and double
copper,
18 mesh, 2-108
40 mesh, 2-109
69 mesh, 2-110
galvanized steel,
8 mesh, 2-111
sesm, 2-87
solid
copper shield, formula for, 2-83
metal shield, 2-76
stee)l shield, 2-62 ff.
total, 2-39, 2-ko0
formuls for, 2-39
vehicle wall, 2-42
vs. screw spacing, 1-57, 1-76
eofficiency, 2-97
slectric plugs and receptacles, 2-193
slectromagnetic, 2-38
electronic equipment, 2-38
eslectrostatic, aluminum or copper toil, ? 209
en”~niates, 3-350
equ “ment st cabinet level, 2-218
flenge type joints, 2-136
fluorescent 1ights, .-156
fuse holder openings, 2-170
gas discharges lamps, 2-156
generator, 3-349, 3-350
housings, 3-255
if rejection, 3-2u48
integrity, 2-3
bors, 2-37
connectors, 2-186
receiver, 3-212
interference flels, 2-77
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Shielding
inte. ference
producing unit, 2-3
keep-alive voltage lead In TR and ATR tu:cs.
3-47
magnetic, 2-160
direct-view storage tubes, 2-16§
field transference, 2-77
multiple, 2-77
magnetic, for low-frequency strong fields,
2-77
necn lamps, 2-156
oscillator
coils, 2-80, 3-254
harmonics, 3-226
stages, 3-232, 3-294
power supplies, 3-153
process, 2-39
receiver, 3-203, 3-205, 3-209
housing, 3-206
rf high~-voltage rectifier, 3-158
structural, effectiveness of, 2-38
switching devices, 2-1720, 3-197
test points, 3-212
transformers, 3-148
chopper Input, 3-146
isolation, 3-148
low-level input, 3-146
power supply 3-148
transmission
cable, 2-80, 2-81
line analogy of, 2-39
ultraviolet lemps, 2-156
wiring, 3-255
Skock
excitation emisslon interference, trensmitter,
3-286
mounted
squipment, bonding of, 2-29, 2-3)
tray, bonding of, 2-221
Shorted shunt lines in stripline flliters, 3-102
3-103
Shot
effect In
negetive-grid triodes, 3-10
spxca-charge-limited clodes, formule f?;,
3-
tamperature=-)imitad diodes, 3-9%
vazuum tubes, 3-9
nolse
and thernal noite
formule for addition of, 3-12
in diode circults, 3=11
in
8 spece-charge-limited diode with resis-
tive load, formula for, 3-11
vacuum tubes, 3-8, 3-9, 3-18

Shunt |ines, shorted, in stripline filter
2-102, 3-103,
Side lobe interference suppression, 3-31.
Sideband
clipping, receiver, 3-230
selectivity, receiver, 3-225
splatter interference, transmitter,3-2
3-2
suppression of, 3-304
strength, relative, Bessel function, -
direct measure of, 3-34
Sidebands, fm transmitter, absolute power
levels of, formula for, 3-305
Signal
ground, 2-15
integration., suppression of interfere..

interference, due ‘o common-impedance
cabling elemants, 2-212
interfering, 2-1k, 2-203
-to~noise ratio
at output and input of vacuum tubes,
formula for, 3-18
in rader units, 3-32
Silticon
=controlled rectifier interfererce,l-)!
diode interference, 3-69
resistor, diffused-layer, miniaturiac.
Silicone rubber conductive gaske:s, 2-1.!
Sllver
bonds, use of for, 2-27, 2-28
-plated brass for knitted wirs conducti
gesket, 2-15%
Single
and double screening, comparison of
shielding effectiveness of
copper screening
18 mesh, 2-108
40 mesh, 2-109
69 mesh, 2-110
galvanized steel screening
8 mesh, 2-111
circuit filters, 3-98
conductor, single shiald cable, 2-i77,2-
layer inductance coil, distributed cepac
of, 3-143
nomograph for, 3-14b4
outer shield cable, twisted, 3-conductor
phese induction motor, interfersnce supp
ion of sterting device of, 3-357
point
ground, 2-12,2-13,2-182,2-184,2-412
sudio smplifier, 2-188
bus arrangement, 2-12
shield, 2-12
system, 2-6, 2-187
shield cable
coaxisl, 2-177
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Single
shield cable
double conductor, 2-177, 2-184
single conductor, 2-177, 2-184
twisted pair, 2-177
sideband receiver, 3-224
Sinusoidal tona, clipped
approximation by trapezoical waveform,3-306
formula for a, 3-306
Skin depth effects, 2-93
Slimline fluorescent lighting fixture, 2-159
Slip ring
bonding of, 2-30
interference, 1-4i4
effect of
current density on, 3-343
friction on, 2-123
Slowed down video, interference :uppression by,
3-262
Small
aperture, definition of, 2-116
signal "T'* equivalent circuit of transisggr.
3-
Soft metal conductive gaskets, 2-150, 2-151
Solar
flares, 1-24
interference, 1-23
noise, !-21
radistion, 1-23
waves, 1-2k
Soldered
bond- joint, 2-22, 2-37
gaskets, 2-14i
Soldering
corrosionr dus to, 2-85
flux, use of rosin as o, 2-85
Solid
bond strap, 2-22, 2-24, 2-31
impedance of, 2-2§
copper shield, total reflection loss et
both surfaces of, 2-71
metal
bond strep, 2-22 ff,, 2-3i
shield, 2-38
shielding effectiveness of, 2-76
state
miniaturized semiconductor, 3-331, 3-332
flip-flop, 3-336
NOR circrit, 3-332, 3-334
power supply, broadband interfercnce,}-202
steel shield, total reflection loss at both
surfaces of, 2-70
Solvent, methy! ethyl ketone, for Ec:oshlo:di
2-17

Source
generator resistince, transistor,
formula for optimum value of, 3-63
noise figure dependznce on, 3-6k4
impedance, optimum, in vacuum tubes, 3-19,3-20
Spacing
of harmonic beam bunches in @ klystron, 3-32
screw, shielding effectiveness vs, 1-§7, 1-76
Specification requirements, intcrference, 2-38
Spectral content of a rectangular pulse, 1-9
Spiral-wound shielded cables, 2-171
Splatter
generation in klystron tubes, 3-5)
interference
definition of, 3-280
modulation, suppression of, 3-304
sideband, 3-278
suppression of, 3-304
modulation
ampli tude
definition of, 3-281
formula ror, 3-281
angular, from transmitters, 3-280
Split-sleeve, flared, 2-30
Spot welding of magnetic shields, 2-161
Spurious
cross-modulation interference, formuia for,
3-302
emission, 1-§
transmitter
formula for frequency of, 3-299
suppression of, 3-289, 3-298
frequency generation
klystron, 3-34, 3-51
magnetron, 3-25, 3-51, 3-54, 3-279
™nT, 3-42
interference
response
recelver, 3-225
transmitter, 3-278
modes of propagation in waveguides, 2-215
output, transmitter, formula for, 3-309
radiation, transmitter, shielding against,2-42
resonance
interference, 3-230, 3-231
use of high Q tunsd circuits to minimize,
3-224
response, 1-5, 3-211
first detector, 3-214
frequencies, formula for, 3-243
receiver, 3-199, 3-202, 3-214, 3-222, 3-224,
3-224
definition of, 3-198
frequency converter, 3-21h

5=k5
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Spuricus
response
raceiver, due to
heterodyne action, 3-214
improper
idjustment of gain, 3-214
bias, 3-214
mixer action, 3-214, 3-233 ff.
nonlinear
amplifier, 3-214
impedance, 3-214
suroression of by, 3-255
balanced mixers, 3-245
high Q tuned circuits, 3-224
isolation, 3-2u45
low-pass filer, 3-2u5
stripline filters, 3-106
Square-
law detector, interference in, 3-245
wave, composition of, 1-8
Stabilization network, impedance, definition
of, 1-4
Stacked waveguides beyond cutoff, attenuation
effects of shield apertures as,2-92
Stainle>s stesl, passivated, for bonds, 2-2;.
2-2
Stakes, ground, 2-6
Standoff type ceramic capacitors, resonent
frequency as a function of lead
length for, 3-134
Stars, radlo, 1=25
Starter type fluorescent lamp suppressor,2-158
Starteriess fluorescent lamp suppressor, 2-158
Static
bearing, 1-29
b"t. 1-2'
dipole fleld, 1=k
frictional, 1-27
geer, 1-29
precipitaion, 1=kl
tire and treck, 1-29
Stee!)
bonds, use of for, 2-27, 2-28
screening
shielding offectiveness of, 2-107,2-111,
2-122, 2-12)
shield
absorption loes for, 2-73
s-factors for, 2=
penetration less of, 2-72
shielding effectiveness in electric,
netic and plane wave flalds,2-62¢¢,
total reflection loss
at bot. surfaces of, 2-70
in
eslectric field of, 2-67 -
plane weve field of, 2-69

5-ké

Step voltage, coupling signal resulting from
2-2
Storage tubes, direct-view, magnetic shield:
of, 2-165
Stranded
bond-straps, 2-24
corrosion of, 2-24
interference signals in, 2-24
intermittent contact in, 2-24
oxides on, 2-24
Strap, bond (see bond-strap)
Strapping of a magnetron, 3-25, 3-28
Stray
coupling in receivers, reduction of, 3-".""
electric fields, interference from, 3-3¢
Strength of bond, 2-21
Strip
gaskets, 2-143
materials, methods of holding in pluce, 2-
trensmission line filter, 3-102
Stripline filter
bandpass, 3-102
band rejection, 3-102
characteristic impedance of, 3-10&
complex, 3-104
construction, 3-103
high pass, 3-102
impsdance matching networks, 3-106
linear taper matching ot, 3-107
loading of, 3-102
low-pass, 3-102, 3-10k, 3-105
shorted shunt lines im, 3-102, 3-103
spurious responss in, 3-106
transverse slots in, 3-102
T-section, 3-104
Stripping of cable shleld for grounding pigt
2-1

Structural shielding, effectiveness of, 2-38
Stud-type capacitor, resonent frequency of,3
Sun, interference from, 1-23
Sunspot activity, 1-23
interference levels for, 1-24
Superhaterodyne mixer, interference in, 3-2!
Superscnic delay line, interference suppress
by, 3-262
Supplies, powsr (see power supplies)
Suppression effectiveness, filter, 3-9%
integrel, definition of, 1-&
interference (see interference suppression
Suppressor, interference (ses interference
suppressor)
Surface
applicetions, conductive, 2-175
coatings, conductive, as shlelds, 2-172
lmpedance betwsen rectenguler holes In o
shield, formula for, 2-99
materials for bonds, 2-26
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Susceptibility, 1-5
analog computing equipment, 3-317
audio, recalver, 3-202
computer, 3-317
data for EMC test plan, 1-103
interference tests, 1-U
klystron oscillator, 3-32
veceiver, 3-198, 3-199, 3-202
test point, 3-212
tests for EMC test plan, 153, 1-94
vacuum tube, 3-22
Sweated bond joint, 2-22, 2-36
Swi tch
circuitry, interference reduction in, 3-159
gep glow discharge, 3-159
Switched circuit, formula for
output voltage of a, 2-207
total energy coupled into a, 2-207
Switching
characteristics, transistor, 3-58
contact erosion, 3-173
devices, shielding of, 2-17C
interference, 1-29, 1-i4,3-161
bridging type, 3-160
control of,
gas-filled diode tubes, 3-189
magnetic amplifiers, 3-189
thyratrons, 3-189
vacuum electron tubes, 3-189
filter
in shiulded enclosure, 3-195
networks for reducing, 3-19%
filtering and shielding of, 3-197
l‘.dUCtiOﬂ, 3"62. ,.'7'
components for, 3-163 ff., 3-!0&. 3-187¢¢,
using
blas batteries, 3-179 ff,
composite filter, 3-195
coupled colls, 3-126
dlodes and veristors, 3-166,3-169,3-171
double=pl filter, 3196
slectron tubes, 3-189
load=shunt diode, 3-162
perallel-switch clrcult, 3-175

serles
capacitor and non-1inear resistence,
3-173
resistance and parallel cepacltence,
3173

switch-shunt diode, 3-168
transistors, 3-191, 3-192
two diodes, 3-168
sawteeth typa, 3-160
suppressors,
cepacitors as, 2-164
inductors as, 3-163
resistors as, 3-164

5-47

Symmetrical T-section st-ipline filter, 3-104
Symmetry in alternators and synchronous motors,
3-335
Synchronous
detector, Interference in, 3-24$
motor,
distribution factor of, 3-355
external connections to, 3-355
flux distribution in, 3-353
generation of harmonics in, 3-251
interference, 3-351
supnression of, 3-342, 3-351
tooth ripples in, 3-35%
symmetry in, 3-355
System node
computer, 3-319
amplifiers in, 3-325
cable considerations in, 3-323
components for, 3-325
interferance suppression by,3-319, 3-320

T

T-section filter, 3-89
stripline, 3-104
T-type filter, formula for insertion loss of,
3-93
Tank circuit
double-tuned, for transmitter interference
3-291
level of harmonics in, 3-292
pi-section flilter, for transmitter interfer-
ence suppression, 3-29)
Tepe, Mu-metal shield, 2-170
TF o mode attenuation in rectangular waveguide,
3-110
TE,, mode attenustion in circular waveguide,
It 3-109
Tewmperature:
amblent, of & filter, 3-96
- flclents, of a bond, 2-21
t ted
.iode
mean-s~ ared nolise current fluctuations,
formula for, 3-9
shot effect in, 3-9
emission in vacuun tubes, 3-9
Test
interference, 1-4
conducted, -k
radiated, -4
susceptibility, 1-b
P'.ﬂ, Em. !-87
af conducted susceptibility .ests for,1-94
antenna conducted tests of, 1-97
conducted rf interference in, 1-91
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Test
plan, EMC
front end rejection tests for, 1-94
Intermodulation
broadband, tests for, 1-96
narrowband, tests for, 1-9%
radiated Interference tests of, 1-92
rf
conducted susceptibility test for, 1-94
radisted susceptiblility tests for, 1-93
test
equipment and facilities required ;or.
1-89
report for, 1-100
points
decoupling of, 3-212
silelding of, 3-212
wusceptiblility of, 3-212
report for EMC test plan, 1-100
Textile gasket, matallic, 2-131
Therma!l
agitation interfarence, 1-6
noise
and shot noise, formula for addition of,
3-12
current, mean-squared, generated by a
triode load resistor, formula fzr.
3-1
in a diode c.reuit, 3-11
wetallic resistor, formula for, 3-11
vacuum tube, 3-8
Thermistor, 3-55
arc interference reduction using o, 3-52.
-5
transistor voltage suppression, using a,
3-57, 3-58
Thermostatically-controlled osclllator crystel
oven Interference, 3-259
Thin-fiim
cepacitor, minlaturized, 3-328
clreuit, minlaturized, multilayer, 3-331
deposited resistor, minleturized, 3-32
Third=order Intermodulation
products, 3-218
vs, bias and gelin, 3-219
Thyratron
Interference from, 1-30, -3
high=voltege power supply, 3-4
splke on grid, 3-6, 3-7
trigger voltage lead, 3-6
location for Interference reduction, 3-8
plate current and voltege vs. time,3-3,3-5
shielded compartment, fllitering of leads
sntering, 3=k
shislding of, 3-4
radistion through glass envelope, 3-8
switching interference ccatrol of, 3-189

e i cum o s 2e

Tin for bonds, 2-27, 2-28
Tinned copper jumper for bonds, 2-28
Tire and track static, 1-29
Tooth
ripples in alcernators and synchronous
motors, interference suppression o
3-355
type lock washer for bonds, 2-22, 2-29
Toroid, 3-143
formula for Inductance of, 3-145
Total
reflection loss
at both surfaces of a <olid
copper shield, 2-71
steel shield, 2-70
electric fleld
formula for, 2-47
steel and copper shields, 2-67
magnetic field
steel and copper shields, 2-68
plane wave field
formula for, 2-47
steel and copper shields, 2-69
shield, 2-Lk4
shielding effectivensss, 2-39, 2-40
formula for, 2-39
TR=-ATR tubes
interference in, 3-47
shielding of keep~alive voltage lead, 3-+;
Transconductance, triode, 3-13
ratio of, to conductance of equivalent
diode, 3-13
Trensfer media, Interference c., 1-46
Trensference, magnetic fleld, 2-77
Transformer
dc, interference in, 3-69
isolation, 2-15, 3-148, 3~152
Faraday box-shield for,3-146,3-148,3-150
guard shield for, 3-150, 3-151]
minimizing ground potential for, 2-17
Trensient
pulse shape, analysis of any, 1-20
ressonse, 2-207
voliege wave, 1-9
Transients
high-voltage, positive temperature-coeffic
ent thermistors to protect semi-
conductors against, 3-55
negative, In SCR gate clrcuits, 3-86
SCR gate, decoupling UJT circulits og.ln;é.
3-
supply, decoupling UJT firing circults of
SCR's from, 3-86
voltege
clrcuits for decoupling UJT's from, 3-8;
use of thermistor to reduce, between
emitter and collector of treansistc
3-57
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Transistor
alloy junction, 100} modulated interfering
voltage, 3-71
amplifiers, cross-modulation in high-fre-
quency, 3-68
circuits, interference in, 3-65
control circuits for switching interference
reduction, 3-191, 3-192
drift, 100/ modulated interfering voltage,
3-72
noise, 3-59
circuit parameters, as a function of,3~62
drift and diffusion currents as a function
of, 3-59
emitter, formula for, 3-60
figure
factors influencing, 3-65
formula for, 3-60
function of
collecior voltage, 3-65, 3-67
emitter current, 3-65, 3-66
frequency, 3-62, 3-63
source generator reslistanze, 3-63,3-64
model, 3-60, 3-61
term in collector circuit, formula for,3-61
recombination fluctuations in a, 3-65
rms value of an Interfering signal, formula
for, 3-68
sma, l-signal "1 equivalent clrcult of,3-60
source generator resistance, formula for
cptimum value of, 3-63
switching characteristics, 3-58
unijunction (ses UJT)
voltage suppression using & thermistor,3-57,

Transistorized receivers, instebility of,3-202
Transit time conductance for vecuum tubes,}-18
Transmission
cable, shielding of, 2-80, 2-81
‘ine
snalogy of shielding, 2-39
filter
lossy, 3-99
ferrite tube, Insertion loss vs. fre-
quency curve for a, 3-100
strip (;co strip trensnission line fil-
ter
lossy, shielded hookup wire as, 2-192
system cabling, wye-connected, 2-213
Transmittence
eslectrical
of semitransparent shielding materials,2-165
ratio of, to optical transmittance, 2-165
microwave, of semltransparent shielding
materials, 2-167

5-b9

Transmittance
optical
of semitransparent shielding materials,
2-165, 2-167
ratio of electrical transmittance to,2-165
Transmitted wave, ratio of intensity of re-
flected wave to, 2-10!
Transmitter
conduction interference, 3-288
couupling
attenuation, 3-288
emission interference, 3-286, 3-287
emission
interference, 3-278, 3-288
frequency, definition of, 3-278
harmonic, formula for, 3-279, 3-300
filters for, 3-297
frequency of, 3-299
suppression of, 3-298
intermodulation, 3-278, 3-282
audio, 3-283
product frequency, formula for, 3-284
radio frequency, 3-283
suppression of, 3-308
modulation splatter, 3-293
suppression of, 3-304
noise, 3'2783 3-281
suppression of, 3-308
parasitic, 3-280, 3-302
shock-excitation, 3-286
spurious, 3-289
frequency of, formula for, 3-299
suppression, 3-288, 3-296, 3-297
double-tuned tank clirculit for, 3-29!
mixers for, 3-290
fm, absolute power levels of sidebands of,
formuls for, 3-305
frequency multiplication in, 3-296
klystron (see klystron)
spurious emission, 2-42, 3-278,3-279,3-2688
3-309
engular modulation splatter, 3-280
harmonic, 3-279
shock sxcitation, 3-286
sideband splatter,3-278,3-280,3-30k
supprassion of, 3-298
double-tuned circuits, 3-296
location for, 2-222
wavegulde filters for, 3-297
Tronsverse slots in stripline filter, 3-102
Trep, wave, definition of, 1-§
Trapezoidal
pulse, interference level for, 114 ff,
waveform, approx!mation of clipped sinusoidal
tone, formula for, 3-306
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Travel ing-wave tube, 3-41
frequency vs. delay-per-unit iength for a
delay line in, 3-42, 3-43
harmonic freaquency generation in, 3-4é
operating lines of, 3-42
phase shift vs. frsquency for, 3-43
strong magnetic field to fucus electron
beam of, 3-52
Tray
cable, bonding, 2-31, 2-35, 2-36
shock-mounted, bonding of, 2-221
Trisngular pulse, formula for interference
level of, 1-15§
Triaxial cable, 2-177, 2-180, 2-199
Trigger
circuit, SCR, 3-85
voltage lead to thyratron, interference from
3-6
Triode
equivalent noise resistance
formula for, 3-13
of »
mixe:, formula for, 3-13
space-charge-limited, 3-12
grid noise voltage, formula for a, 3-14
intermodulation rejsction characteristics
for 6J4 type, 3-220
mear.-squared
plate fluctuation current in negative-
grid of a, formula for, 3-10
thermal-noise current generated by a
load resistor, formula for, 3-16
negative-grid, shot effect in, 3-10
noise celculations, 3-15
ratio of
noise energy of, to noise energy of dynamic
tube resistance, 3-13
transconductance of, to conductance of
equivelent diode, 3-13
rms
grid noise voltege, formula for, 3-16
output noise voltegs, formute for, 3-16
tote) nolse voltige output, formula for, 3-14
transconductence of, 3-13
Troposphere, 1-2§
Tube
acting a8 waveguide attenustor, 2-130
smplifier, traveling-wave, description of
(see also TWT), 3-4)
backward-wave (see beckward-wave tube)
direct-view storage, magnetic shielding ofé
2-165
ducts, honeycomb, #3 waveguldes below cutoff,
2-101
electron, control of switching clrcuits,3-189
gas, interference from, 3-158
installation for interference reducyion, 3-22

B ks o 4 -

Tube
interference, discharge, 1-30
klystron (see klystron)

microwave
integral filtering within vacuum envelope
0‘, 3'52

interference in, 3-23
multielement, noise energy in, 3-17
noise, inherent, 3-8
openings, cathode-ray, shielding of,2-168,2-
suppression, 3-49
thyratron {see thyratron)
TR-ATR (se= TR-ATR tube)
traveling-wave (see TWT)
vacuum (Ssee vacuum tube)
Tubing
conduit, 2-30
zipper, for cable shield foil, 2-171
Tuned cavities in waveguidas, 3-1il, 3-113
Tunnel diode
crystal control of, 1-32
interference, 1-32
parssitics in externzl circuitry of, 3-78
Twisted 3-conductor cable with singie or dout
outer shield, 2-177
Twisted-pair
cable, 2-182
mul ticonductor, 2-185
conductors, 2-184
double shield cable, 2-177
nagnatic coupling reduction of, 2-205
shielded
cable, 2-188
wire, 2-182, 2-205
single shield cable, 2-177
unshielded cable, 2-205
™T
amplifier
as an attenuator, 3~4)
output cheracteristics of a, 3-48
delay iine, impedance vs. frequency for, 3-4
impedance vi. frequency of, 3-L42
minimizing spuriour frequency generation in,
3-51
operating voltage conditions in, 3-45
power level in harmonics of, formule for, 3-
spurious frequency generation in, 3-42
velocity vector of beam voltage in, 3-U46
with band-pass delay line coupled periodic~
ally to electron beam, 3-Li
Type | and Il materials for bonds, 2-27
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U
UHF

receiver's front end, p.otection of,3-k5,3-50
vacuum tubes
interference from, 3-8
shot noise in, 3-8
thermal noise in, 3-8
uJT,
boot-strap capacitor in, 3-86
circuits, decoupling from
SCR gate transients, 3-86
voltage transients, 3-87
firing circuits
decoupling, of SCR's from supply transients,
3-86
for SCR's, 3-85
Ultraviclet lamps, shielding of, 2-156
Unbalanced circuits, 2-214
Undesired
amission from receiver, 3-198
response in receive-, 3-198
unimag 80 shields, 2-163
Unintentional harmonics as source of narrowband
interference generation, 1-20
Universal
motors, interference suppression of, 3-357
waveguide seal, design of, 2-216
Unshieldec
twisted-palr, 2-205
wire, use of, 2-182
utility lines, separation of, from signal loads,
2-21)

Vv

Vacuum tube
equivalent noise
conductance for, 3-18
resistance referred to grid in, 3-18
flicker effect in, 3-9
formula for signal-to-noise retio at output
and Input of, 3-18
interference, 3-8, 3-69
reduction-suppression techniques for, 3-19
jonizetion in, 3-9
noise
figure of, 3-18, 3-19, 3-21
parameters at 90 mc, 3-2!)
optimum source impedance in, 3-19
secondary emission in, 3-9
shot
effect in, 3-9
noise in, 2-8, 3-9
space-charge-1imited region in, 3-9
susceptibility, 3-22
switzhing interference control of, 3-189

Vacuum tube
temperature~limited emission in, 3-9
thermal noise in, 3-8
transit time conductance for, 3-18
Varactor interference, 1-33
Variable-tuned rcceivers, attenustion of local
oscillator signal in, 3-254
Variation
electric field intensity in a magnetron,3-2k
interference
impedance, 1-43
voltage, 1-43
transistor noise with circuit parameters,3-62
Varistors for switching interference reduction,
3-166, 3-169, 3-17]
velocity
light in free space, 2-U45
modulation, klystron, 3-32
vector of beam voltage ir a TWT, 3-46
Ventilation
aperture
clamped screen installation over a, 2-105
welded screen installation over a, 2-105
panel, honeycomb-type, 2-102, 2-103, 2-116
Vibration of bonds, 2-29, 2-37
Video
integration, interference suppression by,
3-262, 3-263
overload in intensity-modulated displays,
3-247
signal radistion and conduction of receivers,
3-202
slowed-down, interference suppression by,
3-262
Voltage
interference, 2-204
regulator, 1-34
spikes on thyratron, low-pass filter to
eliminate, 3-7
step, coupling signal resulting from,2-208
verlation interference, 1-43
wave, transfent, 1-9
woveform, thyretron, 3-3

W

Waffle-iron waveguide filter for megnetron,
3-53, 3-108
Washer for bonds, 2-26, 2-27
cadmium-plated, 2-28
magnesjum, 2-28
tooth-type, lock-, 2~29
Water table, permanent, 2-6
Wave
fleld, plane, 2-43
impedance, 2-46, 2-101
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Vave
impedance
compared to a wavelength, formula for,2-95
incident, 2-ULk
formula for, 2-46 i
peaked, compositicn of, 1-8, 1-9
shape, complex, composition of,
square, composition of, 1-8
transient, voltage, 1-9
trap, definition of, 1=§
Waveguide
attenuation, 2-100, 2-128
attenuator, 2-129
apertures acting as, 2-92, 3-108
rectangular, formula for, 2-125
shield, use of, 2-116
tubes acting as, 2-130
below cutoff, 2-96, 2-116
honeycomb tube ducts as, 2-10]
losses, 2-bi
shield as, 2-129
bullet septa in a, 3-111
circular
attenuation, 2-127
formuia for, 2-128
for TE), mode, 3-109

operating below cutoff, 2-125
evacuated, serrated-ridge, 3-108
filter, 3-106
corrugated, 3-52, 3-108
for interference suppression, 3-297
formuia for attenustion in l.ngth3°:68

’ |.'°
1-6

high-pass, 3-106
microwave, 3-102
mode, 3-114
waffle-1ron, magnetron, 3-53
wide-band, reflective, 3-108
hollow-pipe, attenuation charecteristics of,

3-107
narrow wall mode absorber strips In, 3-114
rectangular
attenuation, 2-126
for TE,, mode, 3-110
characto‘?stlc Impadance of

lowest cutoff frequency, formule for,2-128
opereting below cutoff, 2-125
resistance fiims as mode filter In, 3-114
resonant ferrite materiels In, 3-111
rod and bullet septa in, 3-111, 3-113
seal, universal, design of, 2-216
septum section of, 3-111, 3-112
shielding, 2-38
spurious modes of propegation in, 2-215
tuned cavities in, 3-111, 3-113
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Waves
plane
comparative shiulding effect!veness of,2-5
in free space, impedance of, 2-45
solar, classificaticn of, 1-24
Weatherstripping. electrical, applications,2-.
Weatherstrips, conductive, electronic, 2-136
We 1ded
bonds, 2-22, 2-36
screen over ventiliation aperture, 2-105
Welding, spot, of magnetic shields, 2-16!
Wide-band reflective wavequide filter, 3-108
Widith-to-length ratio of bonding strap, 2-221

E:ndings, compensating, suppression, 3-345
re

compressed knitted gasket, 2-150
copper, formula for inductance of a stra. »
piece of, 3-12§
diameter to skin depth for screening, formy’
for ratio of, 2-94
ground, 2-9
hookup, as a lossy transmission line, 7 1562
inductance
of various lengths of, 3-125
vs length of straight round, 2-126
mesh
aperture sizes for typical screening
materials, 2-112
knitted, conductive gaskets, 2-131, 2-1%"
shielded, 2-182
twisted pair, 2-182
twisted pair, 2-182
unshielded, 2-182
Wireways and conduit, placement of, 2-214
Wiring, snielding of, 3-255
Woven
aluminum mesh conductive gasket, 2-15)
metal
mesh, 2-102
~neoprene gasketing material, z-146
metallic mesh gasket for rf bonding, 3-206
Wye-connected transmission system cabling, 2-:

Z

Zener diode
asvalanche breskdown of, 3-76
interference, 1-31, 1-33
reduction circuits, 3-79
regulator, current and voltage characteristi
of, 3-77
switching circults for reducing excessive pc
tentials, 3-77
lero-impsdance body intertie system, 2-5
Zinc-plated bonds, 2-27, 2-28
Ziprer tubing for cable shield foil, 2-17)
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